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Formal Matters 

Claims 1, 2, 4, 7-9, 1 1, 12, 16-1 8^ and 20-28 are pending after entry of the amendments set forth 

herein. 

Claims 1-14 and 16-28 were examined and were rejected. Claim 15 was withdrawn from 
consideration. 

Claims 1, 4, 8^ 1 1 ^ 18^^ and 24 are amended. The amendments to the claims were made solely in 
the interest of expediting prosecution, and ai^e not to be construed as acquiescence to any objection or 
rejection of any claim. No new matter is added by these amendments. 

Claims 3, 5, 6, 10, 13-15, and 19 are canceled without prejudice to renewal, without intent to 
acquiesce to any rejection, and without intent to surrender any subject matter encompassed by the 
canceled claims. Applicants expressly reserve the right to pursue any canceled subject matter in one or 
more continuation and/or divisional applications. 

Applicants respectfully request reconsideration of the application in view of the remarks made 

herein. 

Withdrawn rejections 

Applicants note with gratitude that the following rejections, made in the August 10, 2005 Office 
Action, were vrithdrawn: 1) rejection of claims 1, 3-8, and 10-14 under 35 U.S.C.§ 102(b); and 2) 
rejection of claims 2 and 9 under 35 U.S.C.§103(a). 

Rejections under 35 U.S,C.§1 12, first paragraph 

Claims 5, 6, 14, 20, and 25 were rejected under 35 U.S.C.§1 12, fn"st paragraph, as allegedly 
lacking written description. Claims 144 and 16-28 were rejected under 35 U.S.C.§1 12, first paragraph, 
as allegedly lacking enablement. Claims 1-14 and 16-28 were rejected under 35 U.S.C.§1 12, first 
paragraph, as allegedly lacking written description. 
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Written description: claims 5, 6. 14. 20. and 25 

Claims 5,6, 14, 20, and 25 are canceled without prejudice to renewal, thereby rendering any 
rejection of these claims moot. 

The Office Action stated that support for "Arc mRNA" and "ERK mRNA" could not be found. 
Applicants note that paragraph 0021 states that a "calcium-responsive gene product" refers to a protein 
and/or an mRNA whose level varies with the intracellular calcium concentration. Paragraph 0021 states 
that calcium-responsive gene products include a phospho-extracellular signal -regulated kinase 
(phospho-ERK or p-ERK) gene product. Paragraph 0052 states that other examples of calcium- 
responsive gene products are immediate early gene products such as c-Fos and Arc. 

Enablement: claims 1-14 and 16-28 

The Office Action stated that the specification does not reasonably provide enablement for a 
method of detecting an amyloid peptide-related neurological disorder, or a method of identifying a 
candidate agent for treating an amyloid peptide-related neurological disorder, comprising detecting a 
level of any calcium-responsive gene product in the brain of any non-human animal model. 

Amyloid peptide-related neurological disorders 

Impairment of spatial learning is but one amyloid peptide-related neurological disorder that can 
be detected using a claimed method. As discussed in the instant application, the claimed methods 
provide for detection of amyloid peptide-related neurological disorders including impaired spatial 
learning, impaired memory, and behavioral deficits. 

As discussed in Palop et aL ((2003) Proc. Nad. Acad Sci. USA 100:9572-9577; "Palop 2003"; a 
copy of which is provided herewith as Exhibit 1), altered levels of calcium-responsive gene products 
such as calbindin and c-Fos reflect various Alzheimer's Disease (AD)''related cognitive impairments and 
behavioral deficits. 

Calcium-responsive gene products 

Applicants' position on this issue has been made of record. As discussed previously, the 
specification provides working examples of four calcium-responsive gene products whose levels are 
altered in an animal model of an amyloid peptide-related neurological disorder. The four calcium- 
responsive gene products for which working examples are presented are c-fos, calbindin, neuropeptide 
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Y, and a-actinin-IL A person skilled in the art would find it reasonable that the levels of other calcium- 
responsive gene products are affected in amyloid peptide-related neurological disorders. 

Furthermore, Palop et al. ((2005) 1 Neurosci. 25:9686-9693; 'Talop 2005"; a copy of which is 
provided herewith as Exhibit 2) provides further evidence for the fact that altered levels of the calcium- 
responsive gene product Arc correlate with amyloid peptide-related neurological disorders. Palop 2005 
shows that the expression of hAPP/Ap decreases the expression of Arc, both ad baseline and after 
environmental stimulation, particularly in the granule cells of the dentate gyrus. Still further, Chin et al 
((2005) Neurosci 25:9694-9703; "Chin''; a copy of which is provided herewith as Exhibit 3) provides 
further evidence for the fact that altered levels of the calcium-responsive gene product phospho-ERK 
correlate with amyloid peptide-related neurological disorders. Chin provides evidence that the tyrosine 
kinase Fyn can cooperate with AP in the depletion of calcium-responsive proteins. 

Thus, in addition to the four working examples of calcium-responsive gene products, levels of 
the Arc and phospho-ERK gene products, which are discussed in the patent application, have been 
shown to be correlated with an amyloid peptide-related neurological disorder. Thus, at least six 
calcium-responsive gene products are disclosed in the instant specification; and altered levels of all six 
of these calcium-responsive gene products have been shown to be correlated with amyloid peptide- 
related neurological disorders. In addition, as described in Chin 2005, levels of the calcium-responsive 
gene Fyn have been shown to be correlated with an amyloid peptide-related neurological disorder. 

Non-human animal model 

Applicants' position on this issue has been made of record. As discussed previously, the instant 
specification provides numerous references describing animal models of amyloid peptide-related 
neurological disorders such as AD. There is no requirement that the animal model of the amyloid 
peptide-related neurological disorder comprise a transgene encoding a mutant APP. The specification 
provides sufficient enablement such that one of ordinary skill in the art would be able to practice the 
invention without undue experimentation. Accordingly, the instant claims meet the enablement 
requirement of 35 U.S.C.§1 12, first paragraph. 
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Written description: claims 1-14 and 16-28 

The Office Action stated that the rejection of claims 1-14 and 16-28 as lacking written 

description was made for reasons of record in the Office Action mailed August 10, 2005. The August 
10, 2005 Office Action stated that the specification "teaches only the gene products of CB, c-Fos, 
neuropeptide Y, and a-actinin II are affected in level in response to expression of amyloid peptide." 
August 10, 2005 Office Action, page 13. 

As noted above, in addition to the four working examples of calcium-responsive gene products, 
levels of two additional calcium-responsive gene products, namely Arc and phospho-ERK gene 
products, which are discussed in the patent application, have been shown to be correlated with an 
amyloid peptide-related neurological disorder. Thus, at least six calcium-responsive gene products are 
described in the patent application, where altered levels are correlated to an amyloid peptide-related 
neurological disorder. 

Conclus i o n as to the rejections under 35 U.S.C.§112. first paragraph 

Applicants submit that the rejections of the claims discussed above under 35 U.S,C. §112, first 
paragraph, have been adequately addressed in view of the remarks set forth above. The Examiner is 
thus respectfully requested to withdraw the rejections. 
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III. CONCLUSION 



Applicants submit that all of the claims are in condition for allowance, which action is requested. 
If the Examiner finds that a telephone conference would expedite the prosecution of this application, the 
Examiner is invited to telephone the undersigned at the number provided. 

The Commissioner is hereby authorized to charge any underpayment of fees associated with this 

communication, including any necessary fees for extensions of time, or credit any overpayment to 
Deposit Account No. 50-081 5, order number UCAL-280. 



BOZICEVIC, FIELD & FRANCIS LLP 
1900 University Avenue, Suite 200 
East Palo Alto, CA 94303 
Telephone: (650) 327-3400 
Facsimile: (650)327-3231 



Respectfully submitted, 

BOZICEVIC, FIELD & FRANCIS LLP 





Paula A. Borden 
Registration No. 42,344 



F:\DOCUMENT\UCAL\280\resp final OA.doc 
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Neuronal depletion of calcium-dependent proteins in 
the dentate gyrus is tightly linked to Alzheimer's 
disease-related cognitive deficits 

Jorge i. Palop*, Brian Jones^ Lisa Kekonius*, Jeannie Chin*, Gui-Qiu Yu*, Jacob Raber*^ Ellezer MasliahS 
and Lennart Mucke*^ 

"^Gladstone Institute of Neurological Disease and Departnient of Neurology, University of California, San Francisco, CA 94141; and ^Departments of 
Neurosciences and Pathology, University of Caiifornia at San Diego. La Jolla, CA 92093 

Communicated by Robert W. Mahiey, The J. Davjd Gladstone Institutes, San Francisco. CA, June 3, 2003 (received for review March 20, 2003) 



Transgenic mice expressing human amyloid precursor proteins 
(hAPP) and amyloid-p peptides (A/J) in neurons develop pheno- 
typic alterations resembling Alzheimer's disease (AD). The mech- 
anisms underlying cognitive defidts in AD and hAPP mice are 
largely unknown. We have identified two molecular alterations 
that accurately reflect AD-related cognitive impairments. Learning 
deficits fn mice expressing familial AD-mutant hAPP correlated 
strongly with decreased levels of the calcium-binding protein 
calblndin-Dzak (CB) and the calcium-dependent immediate early 
gene product c-Fos in granule cells of the dentate gyrus, a brain 
region critically involved in [earning and memory. These molecular 
alterations were age-dependent and correlated with the relative 
abundance of Ap1-42 but not with the amount of A/3 deposited in 
amyloid plaques. CB reductions in the dentate gyrus primarily 
reflected a decrease in neuronal CB levels rather than a loss of 
CB-producing neurons. CB levels were also markedly reduced in 
granule cells of humans with AD, even though these neurons are 
relatively resistant to AD-reiated cell death. Thus, neuronal pop- 
ulations resisting cell death in AD and hAPP mice can still be 
drastically altered at the molecular level. The tight link between 
Ap-induced cognitive deficits and neuronal depletion of CB and 
c-Fos suggests an involvement of calcium-dependent pathways in 
AD-related cognitive decline and could facilitate the preclinicai 
evaluation of novel AD treatments. 

The bright prospect of increasing life expectancy in many 
populations around the world is tempered by an alarming 
increase in aging-related neurodegenerative disorders (1). Alz- 
heimer's disease (AD), the most frequent of these conditions, 
causes inexorable loss of memory and other cognitive functions. 
Although the etiology of most AD cases remains elusive, the 
analysis of related transgenic (TG) mouse models is beginning to 
unravel the pathogenic importance of specific AD -associated 
molecules (2-8). These models are also used increasingly to 
assess novel AD treatments (9-13). Amyloid plaques are the 
primary pathological outcome measure in these studies, al- 
though their contribution to AD-related cognitive deficits is 
uncertain (4-6, 8, 14-16), Indeed, there is an urgent need to 
pinpoint reliable surrogate markers of AjB-induced cognitive 
decline and to unravel the pathways that disrupt neuronal 
functions in AD and related conditions. 

We studied TG mice in which neuronal expression of human 
amyloid precursor proteins (hAPP) is directed by the platelet- 
derived growth factor p chain promoter (6). Mice from line J20 
express familial AD-mutant (K670N, M671L, V717F; hAPP770 
numbering) hAPP (IiAPFfad) and have high levels of human 
amyloid-j8 peptides (Ag) in the hippocampus (6), which is 
heavily affected in AD and critically involved in learning and 
memory (17-19). We analyzed the expression of calcium- 
dependent proteins in the hippocampus and their relationships 
with cognitive deficits in hAPPpAD mice and AD, because 
neuronal calcium homeostasis and calcium signaling likely play 
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critical roles in learning and memory as well as in the patho- 
genesis of AD (20-23). 

Materials and Methods 

TG Mice and Behavioral Testrrt^. Line J20 produces hAPP with the 
Swedish and Indiana FAD mutations; line 15 produces WT 
hAPP (hAPPwx) at comparable levels (6, 24). Mice represent 
Fe-Fio offspring of heterozygous TG mice and C57BL/6J 
non-TG breeders. 

Unless indicated othenvise, measurements were performed 
on gender-balanced groups. Male mice were tested in a Morris 
water maze essentially as described (14); see Supporting Text^ 
which is published as supporting information on the PNAS web 
site, www.pnas.org, for details. Anesthetized mice were flush* 
perfused transcardially with PBS. One hemibrain was fixed in 4% 
phosphale-buffered paraformaldehyde at 4*C for 48 h, and the 
other was stored at -70°C. All experiments were approved by the 
committee on animal research of the University of California^ 
San Francisco. 

Human Tissues. Fixed brain tissues of AD Cases [nine womcn^ six 
men; age 71-92 yr (83.7 ± 6,7, mean ± SD)] and nondemented 
controls (one woman, one man; age 71 and 74 yr) were from the 
Alzheimer*s Disease Research Center (University of California 
at San Diego). AD was determined according to criteria of the 
Consortium to EstabUsh a Registry for Alzheimer's Disease and 
the National Institute on Aging. Formalin-fixed hippocampal 
tissues were postf ixed for 72 h in 4% phosphate-buffered para- 
formaldehyde. 

ImiDunohlstochemistry. Vibratome sections (50 jum, mouse; 40 fim, 
human) or sliding microtome sections (30 fjnUy mouse) were used 
for fluorescence double-labeling or staining with standard avidin- 
biotin/peroxidase methods. After qucncliing endogenous peroxi- 
dase activity and blocking nonspecific binding, sections were 
incubated first with rabbit anticalbindin (1:15,000, Swant, BeUin- 
zona, Switzerland); rabbit anti-c-Fos (1:10,000, Ab-5, Oncogene); 
mouse mAb anti-Neu-N (1:5,000, Chemicon); or mouse mAb 
anti"Ap (1:500, 3D6, Elan Pharmaceuticals, South San FranciscOj 
CA), and then with fluorescein-labeled donkey anti-rabbit 
(1:300, Jackson ImmunoResearch); Texas red-labeled donkey anti- 
mouse (1:300, Jackson ImmunoResearch); biotinylated goat anti- 
rabbit (1:200» Vector Laboratories); or biotinylated goat anti-mouse 
(1:600, Vector Laboratories), Diaminobenzidine was used as a 
chromagen. Immunofluorescence was visualized by confocal 
microscopy. 



Abbreviations: A/3, amyloid-ft peptides; Mi, Alzheimer's disease; CB, calbindln-D^sk; hAPP, 
human amyloid precursor proteins; hAPf^AO. familial AD-m Jtant liAPP; hPJPf^, WT hAPP; 
IR, immunoreactivity/tmmunoreacfive; TG, transgenic 

"^Present address: Departments of Behavioral Ne jroscience and Neurology, Oregon Health 
and Science University, Portland, OR 97239. 

^To whom correspondence should be addressed. E-mail: ImuclceiS^iadstone.ucsf.edu, 



www.pnas.org/cgl/do i/10.1073/pnas,1 1 33381100 



Quantitation of Immunoreactive Structures. Digitized images were 
obtained with a DEI-470 digital camera (Optronics, Goleta, CA) 
on a BX-60 microscope (Olympus, MelviUe, NY). For calbindin- 
D2gk (CB) iminunoreactivity (IR), two coronal sections (300 /xm 
apart) per mouse between -2,54 and -2.80 mm from bregma 
were selected. Integrated optical density (lOD) was determined 
with BioQuant Image Analysis (R&M Biometrics, Nashville, 
TN) and averaged in two areas (0.04 mm^ each) of the molecular 
layer of the dentate gyrus and of the stratum radiatum of the 
CAl region. Relative CB-IR levels were expressed as the ratio 
of lODs in the molecular layer and in the stratum radiatum of 
the same section. The mean ratio of non-TGs was defined as 1.0. 
Relative numbers of c-Fos-IR granule cells were determined by 
counting c-Fos-IR cells in the granular layer in every 10th serial 
coronal section throughout the rostrocaudal extent of the gran- 
ular layer. The average percentage area of the hippocampus 
occupied by AfJ-IR deposits was determined in four coronal 
sections (300 /xm apart) per mouse, 

Western Blot and Quantrtatrve Fluorogenic RT*PCR. Hemfbrains were 

sectioned with a vibratorae into 450-/Ltm sagittal slices, and the 
dentate gyrus was microdissected on ice. For protein analysis, 
dentate gyrus samples were individually sonicated at 4''C in 
buffer containing 10 mM Hepes at pH 7.4, 150 mM NaCl, 50 mM 
NaF, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 1 mM Na3V04, 
10 fJig/ml leupeptin, 10 ,ag/ml aprotinin, and 1% SDS and cen- 
trifuged at 5,000 X g (10 min). Equal amounts of protein (by 
Bradford assay) were resolved by SDS/PAGE and transferred to 
nitrocellulose membranes. After blocking, membranes were 
labeled with rabbit anti-CB (1:20,000, Swant); mouse mAb 
anti-liAPP (1:1,000, 8E5, Elan Pharmaceuticals); or mouse mAb 
anti-a-tubulin (1:100,000, B512, Sigma), and incubated with 
horseradish peroxidase-conjugated goat anti-rabbit IgG 
(1:5,000, Chemicon) or goat anti-mouse IgG (1:10,000, Chemi- 
con). Bands were visualized by enhanced chemiluminescence 
and quantitated by densitometry and QUANTITY one 4.0 soft- 
ware (Bio-Rad). 

For quantitative fluorogenic RT-PCR, RT reactions con- 
tained 120 ng of total RNA (DNase-treated) and random 
hexamer plus oligo d(T) primers. Diluted reactions were ana- 
lyzed with SYBR green PGR reagents and an ABI Prism 7700 
sequence detector (Applied Biosyalems). cDNA levels of CB, 
hAPP, and GAPDH were determined relative to standard 
curv^ from pooled samples. The slope of standard curves, 
control reactions without RT, and dissociation curves of prod- 
ucts indicated adequate PGR quality. Primers: CB. 5'-GGA- 
AAGG AGCTGC AG A ACTTG AT-3 ' , 5 ' -TTCCG GTG ATAG- 
CTCCAATCC-3'; hAPP, 5'"GAGGAGGATGACTCGGATG- 
TCT-3', 5'-AGCCACTTCTTCCTCCTCTGCTA-3^; GAPDH, 
5 ' -GG G A AGCCCATCACCATCTT-3 \ 5' -GCCTTCTCCAT- 
GGTGGTGAA-3'. 

Results 

CB Levels Are Reduced in the Dentate Gyrus of HAFPfap Mice and 
Humans with AO. CB is abundant in hippocampal neurons, par- 
ticularly in granule cells of the dentate gyrus and pyramidal cells 
of the CAl region (25). Neuronal CB levels were significantly 

reduced in hAPPpM) mice (Figs. L4 and 2B), primarily in the 
granular layer of the dentate gyrus and in the molecular layer 
into which the granule ceHs extend their dendrites. Pyramidal 
cells in CAl and their dendrites in the stratum radiatum were 
unaffected (Figs. lA and 2B). Double-labeling of brain sections 
from hAPPpAD ^^ice for CB and the neuronal marker Neu-N 
(Fig. IB) indicated that the CB reductions in the dentate gyrus 
primarily reflected a decrease in neuronal CB levels rather than 
loss of CB-producing neurons. 

Although loss of CB-positive neurons in cortical areas of AD 
cases has been described (26, 27), we found no studies reporting 
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CB reductions in granule cells of the dentate gyrus in AD. In 
fact, granule cells are relatively resistant to AD-associated cell 
death (28). Yet, we found marked reductions in neuronal CB-IR 
in the dentate gyrus of AD cases, with the most striking 
depletions seen in the most severely demented individuals 
(Fig, ID). 

CB Reductions Depend on Age, A/i, and Reduced CB mRNA Levels. CB 

reduction in hAFPFAD mice was age-dependent (Fig. 2A). 
Significant CB reductions in hAPPpAD i^^ice were also detected 
at 6-7, 9-llj and 14-15 mo [n = 4-8 mice per age and genotype 
(not shown)]. liAPP mice from line 15, which express hAPPw r 
and have much lower A/3 levels than hAPPpAD mice from line 
J20 (6), had no significant reductions in CB at 6-9 mo (Fig. 2 B 
and C) or at 11-13 and 13-15 mo (not shown; n - 8-12 hAPPwT 
mice and n = 5-11 non-TG controls per age group). Reductions 
in CB-IR in 6- to 7-mo-oId hAPPpAD mice correlated tightly with 
CB protein and mRNA levels in ihe dentate gyrus of the 
opposite hemibrain (Fig. 2 C and D), indicating a mechanism 
affecting gene expression. 

CB Reductions In HAI^Pfad Mice Are Associated with a Decrease in 
c-Fos-lR Neurons in the Dentate Gyrus. The immediate early gene 
c-fos is also critically dependent on calcium (23). The number of 
c-Fos-IR neurons in the granular layer of the dentate g>Tus was 
significantly reduced in hAPPpAD niice even at 4-^5 mo of age 
and decreased further by 6-7 mo (Figs. IC and 2 E and F). 
Although interindividual variations in CB and c-Fos were sub- 
stantial (Figs. lA and 3^)^ the reductions were tightly correlated 
in hAPPpAD niice (Fig, 3A), suggesting the underlying mecha- 
nisms are nonrandom and overlapping. 

Reductions in CB and c-Fos Correlate with Relative Abundance of 
A|31-42 but Not wth Plaque Load or Gender* At 6-7 mo of age, when 
CB and c-Fos reductions were prominent, male (n — 22) and 
female (n ^ 20) hAPPpAo mice showed no significant differ- 
ences (P > 0.25) in the levels of CB-IR, c-Fos-lR granule cells, 
and percent area occupied by 3D6-IR AjS deposits (data not 
shown). In the dentate gyrus of 6- to 7-mo-old hAPPpAD mice 
(n = 9), CB mRNA, protein, and IR did not correlate with levels 
of liAPPpAD mRNA or protein {P > 0.7 for all six CB-hAPPpAD 
correlations, not shown), suggesting that the CB reductions are 
not caused by the expression of hAPPpAD per se. 

CB and c-Fos reductions in IiAPPfad mice also did not 
correlate with early Ap deposition (Fig. 38). When analyzed 
over a wider age range (4--22 mo), these reductions did not 
correlate with plaque load either (P > 0.6). However, they did 
correlate whh AjSl-42/Aj31-x ratios (Fig. 3C), which reflect the 
abundance of Aj8 ending at residue 42 relative to other, mostly 
shorter, AjS peptides (29, 30). 

Reductions in CB and c-Fos in the Dentate Gyrus of HAPPfaei Mice 
Correlate Tfghtly with Deficits In Learning and Memory. To further 
assess the pathophysiological significance of CB and c-Fos 
reductions in hAPPpAD mice, we analyzed mice in a Morris water 
maze test (14), which is widely used to assess learning and 
memory (31), Behavioral deficits in hAPPpAo mice showed a 
striking relationship to neuronal reductions of CB and c-Fos in 
the dentate gyrus (Fig. 4). 

The majority of hAPP fad mice learned to navigate to a visible 
platform, demonstrating efficient cued learning (sessions 1-4), 
but showed significant deficits in the spatial component of the 
test, during which they had to use extramaze cues to locate a 
hidden platform in the pool (sessions 5-10) (Fig. 4A). These 
hAPPpAD mice were also impaired in the probe trial (Fig. 45), 
which provides a putative measure of memory retention. In 
contrast, they did not differ from non-TG controls in swim speed 
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Fig. 1. CB snd c-Fos reductions in the dentate gyrus of HAPPfad mice and humans with AD. Brain sections irom 6- to 7-mO'Old mice were immunolabeled for 
CB, c-Fos, or the neuronal mariner Neu-N. {A) Ssgittal vibratome sections illustrating typical CB-IR in the dentate gyrus (arrow) of a non-TG mouse and a range 
of CB reductions in hAPI^FAo Tr^ice. (B) Doubfe-labeling of sagittal vibratome sections for CB (green) and Neu-N (red) did not reveal obvious changes in the density 
of neuronal nude? in the CB-depleted granular layer of hAPPpAD mice. {€} Coronal sections iHustrating the decrease in c-Fos-IR neurons in the granular layer of 
hAPPpAD mice. (D) Hippocampal sections fronn 6- to 7-mo-old hAPPfAD mice {Upper) and AD cases [Lower) were stained for CB. A comparable range of CB 
reductions was found in the granular layer of hAPPpAo mice and AD cases. Numbers in parentheses indicate BEes^d score, which Increases with the severity of 
the dementia. 



(Fig, 4C), suggesting that their longer escape latencies during the 
hidden platform sessions were not due to motor deficits. 

CB levels in the dentate gyrus did not correlate with cued 
learning in non-TG mice or in hAPPpAD iTiice with deficits in 
spatial J but not cued, learning (Fig. 4D). CB levels were also 
unrelated to performance in the first two sessions of the hidden 
platform training (Fig, 4E, sessions 5 and 6) before significant 
spatial learning was evident in non-TG mice (Fig. AA), However, 
in hAPPpAD mice, CB levels correlated tightly with spatial 
learning deficits in the last four sessions of hidden platform 
training (Fig. 4E, sessions 7-™iO), when spatial learning was 
clearly evident in non-TG controls (Fig. 4A). This correlation 
remained strong when escape latencies or path lengths were 
averaged over all hidden platform trials (Fig. 4F). The relative 
level of c~Fos-IR granule cells also correlated well with spatial 
learning in hAPPpAD i^iice but not in non-TG controls (Fig. 4G). 



Some hAPPpAD mice were excluded from the above analysis 
because they had significant deficits even in cued learning (Fig. 
4H), which confounds the interpretation of deficits in the spatial 
component of this test (31). These mice had the most prominent 
reductions in both CB and c-Fos-IR granule cells (Fig. 47). 

Discussion 

Our study demonstrates a cause-effect relationship between the 
expression of hAPPpAD/AjS and age-dependent reductions in 
CB and c-Fos in a neuronal population critically involved in 
learning and memor>\ Reductions in these calcium-dependent 
proteins in granule cells of the dentate gyrus correlated lightly 
with spatial learning deficits in hAPPpAD inice and depended on 
the relative abundance of Api-42 but not on the amount of Aj3 
deposited in plaques. 

These findings support the hypothesis that AD-related neuronal 
deficits are caused by small nonfibrous AjS assemblies rather than 
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Hg.2. CB and c-Fos reductions in the dentate gyrus depend on age and type 
of hAPP expressed. {A and B) Coronal brain sections were obtained from 
hAPPpAD mice^ hAPPwT unke, and non-TG controls (NTG). Ages in months (mo) 
are indicated (Top) (n = 10-13 mice per age and genotype). lOD, integrated 
optical density; ML, molecular layer; SR, stratum radiatum. (C and D) Total 
protein and RNA were extracted from denrtate gyrus samples, levels of CB 
protein (C and D Left) and mftNA (D fiight) were determined by Western blot 
analysis and quantitative fluorogenic RT-PCR, respectively. Values obtained In 
different IiAPPfad m^ce v/ere expressed as CB/a-tubuifn (D Left) and CB/ 
GAPDH (D Right) ratios, (f and f) The relative number of c-Fos-IR neurons In 
the granular layer was determined in coronal sections from HAPPfad mice 
(black columns and dots) and non-TG controls (empty columns and dots) {n - 
13-18 mice per age and genotype). Data represent group means for all 
sections analyzed {E) or for different rostrocaudal levels of the dentate gyrus 
(f). *.P< 0.05; **,P< 0.001. 



by plaques (4, 6, 8, 14, 15). Although Aj3 production depends on 
hAPP levels, the formation of neurotoxic A^ assemblies may be 
influenced by many other variables including the Api-42/Aj31-40 
ratio and iDterindividual differences in the level or activity of 
proteins that bind or degrade Aj8 (32-34), This may explain why 
reductions in CB and c-Fos in IiAPPfad n^ice correlated with the 
relative abundance of Aj31-42 but not with hAPFpAD levels. 

Although the exact mechanisms by which A^ assemblies may 
reduce CB and c-Fos levels in granule cells remain to be 
determined, they might involve alterations in the function of 
calcium channels and other membrane proteins, chronic inf lam- 
matioHj and formation of pores in cell membranes, both in the 
dentate gyrus and in regions projecting to it (6, 21, 35-41). 

The behavioral testing of mice is time consuming, and test results 
obtained in different laboratories can vary (42, 43). Plaque load is 
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Fig* 3. Relationship among CB, c-Fos, plaque foajj, and Aj^ levels, Brain 
sections and hippocampi were from HAPPfao mice (black dots) and non-TG 
controls (empty dots). The square of correlation coefficients (ff^ and P values 
referto HAPPfad r^^ce only. {A) Relative levels of CB and c-Fos-IR granule cells 
in the dentate gyrus were strong ty correlated in HAPPfad mice but not In 
non-TC controls {n = 48-60 per genotype; age, 4-7 mo). (S) Levels of CB and 
c-Fos-IR granule cells did not correlate with hippocampal plaque bad in 
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the most widely used pathological outcome measure in the pre- 
clinical assessment of anti-Aj3 treatments (9-13), although il does 
not appear to correlate with behavioral deficits (8, 13, 44). Our 
study suggests that biochemical and radiologicai measures reflect- 
ing CB levels in the dentate gyrus could improve the assessment of 
AD treatments by providing a more reliable surrogate marker of 
AjS-induced neuronal dysfunction. 

Some hAPPpAD i^ice have impairments not only in the spatial 
but also in the cued component of the water maze test (8) (Fig. 
4 // and /). The mechanisms underlying these impairments might 
differ from those causing more selective spatial learning deficits 
quantitatively, qualitatively, or both. The visible and hidden 
platform components of the water maze test can involve over- 
lapping cognitive functions (7). Extensions of deficits from one 
component to the other might have been fostered here by the 
visibility of extramaze cues and the small size of the marker 
indicating the platform location during cued trials (see Support- 
ing Text\ which could promote engagement of spatial learning 
mechanisms. Furthermore, AD affects many brain regions be- 
sides the hippocampus, combining spatial learning deficits with 
other cognitive impairments. Widespread neuronal expression 
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of IiAPPfad/AP may have similar effects in severely impaired 
TG mice. 

Our results demonstrate that neuronal populations resisting 
cell death in AD (28) can still be drastically ahered at the 
molecular level. The marked reduction of CB in the dentate 
gyrus of patients with sporadic AD demonstrates that FAD 
mutations are not necessary for such reductions to occur in the 
human condition. Aj342/AjS40 ratios high enough to elicit CB 
reductions within 6 mo may be attainable in hAPP mice only by 
the introduction of FAD mutations, whereas Aj842/AjS40 ratios 
in sporadic AD may be high enough to deplete CB levels over 
time even in the absence of FAD mutations. More cases will need 
to be analyzed to establish the extent to which CB reductions 
correlate with cognitive deficits in AD. 

Although it is likely that diverse molecular alterations con- 
tribute to AD-associated neuronal dysfunction, the tight asso- 
ciation between moiecular and functional alterations we iden- 
tified raises the question of whether reductions in CB and c-Fos 
not only indicate but also mediate hAPpFAD/Aj8-dependent 
behavioral deficits. Because CB can protect neurons against 
Aj3~induced toxicity (45), the reduction of CB by A/3 could be 
part of a vicious cycle promoting progressive neuronal dysfunc- 



tion in hAPPpAD mice and in AD. Inhibiting CB expression 
impaired water maze learning in TG mice (46) and prolonged 
increases in intraneuronal calcium after stimulation of hip- 
pocampal slices (36). Ablation of CB also worsened neuronal 
deficits in a TG model of spmoccrebcllar ataxia-1 (47), another 
neurodegenerative disease with abnormal protein accumulation. 
Ablation or inhibition of c-Fos ehcited deficits in the water maze 
test and related tasks (23, 48). 

These findings suggest that reductions in CB and c-Fos in 
hAPPpAD mice and humans with AD may not only reflect cognitive 
deficits but may contribute to them. The roles of these and related 
molecular alterations as potential indicators and mediators of 
neurodegenerative disease merit further investigation. 
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Activity-induced expression of Arcis necessary for maintenance of long-term potentiation and for memory consolidation. In transgenic 
(TG) mice with neuronal production of human amyloid precursor protein (hAFP) andhAPP-derivedamyloid-jS (AjS) peptides, basal j4rc 
expression was reduced primarily in granule cells of the dentate gyrus. After exploration of a novel environment, Arc expression in these 
neurons was unaltered in hAPP mice but increased markedly in nontransgenic controls. Other TG neuronal populations showed no or 
only minor deficits in Arc expression^ indicating a special vulnerability of dentate granule cells. The phosphorylation states of NR2B and 
ERKl/2 were reduced in the dentate gyrus of hAPP mice^ suggesting attenuated activity in NMDA-dependent signaHng pathways that 
regulate synaptic plasticity as well as Arc expression. Arc reductions in hAPP mice correlated with reductions in the actin-binding protein 
o;-actinin-2, which is located in dendritic spines and, like Arc, fulfills important functions in excitatory synaptic activity. Reductions in 
Arc and Q'-actinin-2 correlated tightly with reductions in Fos and calbindin, shown previously to reflect learning deficits in hAPP mice. 
None of these alterations correlated with the extent of plaque formation, suggesting a plaque-independent mechanism of hAPP/AjS- 
induced neuronal deficits. The brain region -specific depletion of factors that participate in activity-dependent modification of synapses 
may critically contribute to cognitive deficits in hAPP mice and possibly in humans with Alzheimer's disease. 

Key words: Alzheimer; dendritic spines; immediate-early gene; NMD A; novel environment; plasticity 



Introduction 

Alzheimer's disease (AD) results in progressive impairment of 
memoiy consolidation. Memory retrieval is also affected in a 
characteristic pattern, in which recent memories are more vul- 
nerable than older memories (Eustache et al, 2004; Sadek et al, 
2004). These impainnents suggest an early vulnerability of the 
hippocampus and a subsequent disruption of neocortical net- 
works sustaining consolidated memories (WiJtgcn et aL, 2004). 
Although the differential loss of neurons in specific brain regions 
in AD has been mapped carefully (Braak and Eraak, 1991; West ct 
al.> 1991; Corder et al., 2000)> little is known about the neuronal 
populations that first become dysfunctional, and even less about 
the underlying molecular mechanisms. Understanding the pro- 
cesses that cause neuronal dysfunction in AD and related models 
couJd guide the development of treatments to prevent AD, pre- 
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serve learning and memory in its early stages, and maximize cog- 
nitive functions in the later stages of the iQness. 

Transgenic (TG) mouse models with neuronal production of 
human amyloid precursor protein (hAPP) and hAPP-derived 
amyloid-j3 (AjS) peptides develop a range of AD-like alterations, 
including age- dependent deficits in learning and memory (Hig- 
gins and Jacobsen, 2003 i Walsh and Selkoe, 2004; Kobayashi and 
Chen, 2005). However, the cellular and molecular substrates of 
these cognitive deficits remain to be identified^ Our previous 
analysis of hAPP mice (Palop et ah, 2003) and reports by others 
(Dickey et aL, 2003, 2004) suggested that the depletion of synap- 
tic activity-dependent proteins may play a critical role in A/3- 
induced cognitive decline. Particularly intriguing to us in this 
context were alterations in the immediate-eaviy gene product Arc 
(activity- regulated cytoskclcton- associated protein), the expres- 
sion of which has been used previously to image cellularnetworks 
involved in encoding of contextual information (Guzowski et ah, 
1999; Burke et ah, 2005). 

Arc is expressed predominantly in cortical and hippocampal 
glutamatergic neurons; it is required for maintenance of long- 
term potentiation (LIP) and for memory consolidation (L>ford 
et al, 1995; Guzowski et al., 2000; Steward and Woriey, 2001). 
Stimulated neurons rapidly increase Arc mRNA expression, 
which allows for the identification of neuronal network activity 
(L}^ord et al, 1995; Guzowski et al., 1999; Temple et al*, 2003; 



Palop el al • Granule Ceff Vulnerability In hAPP Mice 



J. Neuroscj,Oaoben9,2005 ■ 25{42):96S6 -9693 • 9687 



Vazdarjanova and Guzowski, 2004). Furthermore, ArcmRNAis 
induced in activated neuronal ensembles in the hippocampus 
that respond to specific environments, providing a potential net- 
work mechanism for encoding spatial and contextual informa- 
tion (Guzowski et al, 1999; Vazdarjanova and Guzowski, 2004). 

To further elucidate the role of Arc and related factors in 
hAPP/AjS-induced neuronal deficits in vivo, we studied hAPP TO 
mice that have high levels of Aj3 in the hippocampus and neocor- 
tex and that develop age-related synaptic deficits as well as im- 
pairments in learning and memory (Hsia et al, 1999j Mucke et 
al, 2000; Palop et al.» 2003). We monitored Arc expression m 
their brains at baseline and after behavioral or pharmacological 
stimulation to determine whether A/3 affects Arc expression dif- 
ferentially in different neuronal populations, whether it affects 
only induced or also basal Arc expression, whether the reported 
block to Arc induction can be overcome by pharmacological 
stimulation of excitatory neurotransmitter receptors, and 
whether disruption of Arc expression depends on the parenchy- 
mal deposition of fibrillar Aj3 in amyloid plaques. We also tested 
whether Arc expression deficits maybe linked to deficits in other 
synaptic plasticity- related factors, including alterations in the 
NMDA- mediated signaling pathway. 

Materials and Methods 

TG mice. We studied 5- to S-month-old heterozygous TG and nontrans- 
genic (NTG) mice from lines J20 and 15. Line J20 expresses hAPP carry- 
ing the Swedish and Indiana FAD (familial AD) mutations (hAPPp^i^), 
and line 15 expresses wild- type hAPP (hAPPw r) comparable levels 
(Mucke et al, 2000), In both lines, neuronal expression of hAPP is di- 
rected by the platelet-derived grov/th factor (PDGF) j3<hain promoter. 
Mice were N^^-N^^ ofifspring from crosses between heterozygous TG 
mice and C57BL/6J NTG breeders. Gender had no detectable effect on 
any of the parameters analyzed (data not shown). AU experiments were 
approved by the Committee on Animal Reseai ch of the University of 
California^ San Francisco, 

Novel cnviromnenL Four to 5 d before the experiment, female mice 
were pair-housed (one hAPPp,:^^ mouse and one NTG control per cage)> 
whereas male mice were singly housed. Mice assigned to novel environ- 
ment exploration were then transferred to a larger cage (45 X 25 X 20 
cm) in an adjacent room. iTie new room differed markedly in size, shape, 
light, and furnishing. The new cage was uncovered and contained differ- 
ent bedding and five novel objects, The mice were allowed to explore the 
new environment for 2 h; the remaining mice stayed undisturbed in their 
home cages. 

The activit}' (ambulatory movements, rearing, smffing, digging) of the 
mice and their interactions with the novel objects were quantified, from 

video records during the first 10 min of each hour in the new cage. An 
object-interaction event was defined as any close exp]orator>^ activit)' 
mth any novel object. ObseiTers were blinded to gcnot>'pe. After the 
observation period^ alternate groups of mice assigned to the home cage or 
novel emironment conditions were taken to an adjacent room, deeply 
anesthetized, and perfused transcardiaUy. 

Kainate injections. Kainate (Sigma, St Louis, MO) was dissolved in 
PBS to 1.8 mg/ml for intraperitoneal injection, AU mice (three TG and 
thi'ee NTG) given injections of 18 mg/kg kainate displayed tonic- clonic 
seizures starting 10-45 min after the injection. Of 28 mice (16 TG and 12 
NTG) given injections of 10 mg/kg kainate, only one TG mouse devel- 
oped seizure activity and was excluded from additional analyses. All mice 
were killed 2 h after the injection. 

Tissue preparation. Anesthetized mice were flush -perfused transcardi- 
aUy with phosphate buffer, foUowed by 4% phosphate-buffered parafor- 
maldehyde. The brains were removed and drop-fixed with the same fix- 
ative at 4*'C for 48 h. After rinsing with PBS, brains were transferred to 
30% sucrose in PBS at 4°C for 24 h and coronaUy sectioned with a sUding 
microtome. Ten subseries of floating sections (30 /im) werecoUected per 
mouse and kept at — 20°C in cr>'oprotectant medium untQ use. Each 
subseries contained sections throuj^out the rosb-ocaudal extent of the 



forebrain. All solutions were prepared with autoclaved water containing 
0.1% diethyl pyrocarbonate and filtered (pore sii^t 0.22 ftm). 

In situ hybridization. Antiscnse and sense cRNA probes were generated 
from a linearized plasmid containing full-length Arc cDNA (-3 kbp) 
with T7 and T3 pol}rmerase (Promega, Madison, \VT) and premixed 
RNA-labeling nucleotide mixes containing digoxigenin (Roche Molecu- 
lar Bfochemicals, Palo Alto, CA). The >deld and integritv' of cRNA ribo- 
probes was confirmed by gel electrophoresis. In situ hybridization was 
performed on floating coronal sections (30 {xm}. After removing cn^o- 
pi otectant medium with PBS, floating sections were fixed in 4% buffered 
paraformaldehyde, treated with 0.005% proteinase K in Tris-HCl, pH 
8.0, £DTA, and 0.5% Tween for 15 min, and incubated with 1.335% 
triedianolamine, 0.175% HQ, and 0.25% acetic anhydride for 10 min. 
Between steps^ sections were washed three times with PBS and 0.5% 
Tween at room temperature. Sections wei-e then incubated with prehy- 
bridization buffer containing 50% formamide, 5X SSC, 5X Denhardt's 
solution, salmon sperm DNA, and yeast tRNA for 4-6 h at room tem- 
perature. Riboprobes were diluted in the prehybridization buffer, heated 
to 70°C, and added to the sections. Hybridization was done at 67^C for 
16 h. Hybridized sections were washed once with 5X SSC, followed by 
washes in 0.2 X SSC at 67*'C for 4 h. Sections were transferred to Tris^ 
saline, and 0.5% Tween buffer, blocked with 10% heat-inactivated sheep 
serum, and incubated overnight with sheep anti-digoxigenin-alkaliue 
phosphatase (1:5000; Roche Molecular Biocheraicals). Finally^ nitroblue 
tetrazolium/5-bromo-4-chloro-3-indoiyi phosphate (1:50; Roche Mo- 
lecular Biochemicals) in NTMT (100 niM NaCl, 100 mM Tris-HCl, pH 
9.5, 50 mM MgCl2, 0.1% Triton X-lOO) buffer was used to visuah'ze the 
signal. No signal was detected when sense A?^ riboprobe was used (data 
not shown). 

Immimohistochemistry, Microtome sections (30 ^m) w^re stained 
with the standard a^'idin-biotin/peroxidase method. Briefly, after 
quenching endogenous peroxidase activity and blocking nonspecific 
binding) sections were incubated with rabbit anti-Arc ( I :S000; a gift from 
S. Chowdhury and P. F. Worley, Johns Hopkins University School of 
Medicine, Baltimore, MD), rabbit, anti-calbindin (1:15>000; Swant, Bell- 
inzona, Switzerland), mouse anti-cx-a^tinin-l (1:10,000; Sigma), or biotin- 
>dated mouse anti-Aj5 (1:500, 3D6; Elan Pharmaceuticals, South San Fran- 
cisco, CA) antibody. Nonbiotinylated primar)' antibodies were detected with 
biotinylated goat anti-rabbit (1:200; Vector Laboratories, Burlingame, CA) 
or donkey anti-mouse (1:500; Jackson ImmunoResearch, West Grove, PA) 
antibody. Diaminobenzidine was the chromagen. 

Quantitntive analysis of brain sections. Arc mRNA and Arc immunore- 
activity (IR) were quantitated as described previously (Temple et al., 
2003). Heavily labeled Arc- expressing ceEs in the granular layer were 
counted in eveiy lOth section throughout the rosUocaudal extent of this 
layer with a 20X objective by an investigator blinded to genotype and 
treatment. Results are presented as the total number of positive cells 
counted per hemibrain. For each mouse, closely matching results were 
obtained in the opposite hemibrain (data not sho\ra}. Quantitations 
were confirmed by two independent experimenters (data not shown). 

The relative levels of Arc mRNA and Arc IR in the CAl p)Tamidal 
layer, CAl stratum rad latum, and neocortex (primary somatOvSensory 
cortex) were quantitated by measuring the integrated optical density 
(lOD) in three sections (30 /xm thick, 300 /xm apart) between - 1.70 and 
—2-80 mm from bregma with the BioQuant Image Analysis System 
(R&M Biometrics, Nashville, TN). Two lOD measurements per region 
and section were taken. The intensity of Arc mRNA labels in NTG mice 
removed direcdy from their home cage was defined as 1. Relative lev^els of Arc 
IR were obtained by determining in each section the ratio between lOD 
values in the region of interest and lOD values in the thalamus (background 
IR). Arc expression in the respective regions of other mice was expressed 
relative to this baseline. IRs for calbindin, a-actinin-2, Fos, and AjS (plaque 
load) were quantified as described previously (Palop et al., 2003), 

Western blot analysis. A Mcllwain tissue chopper was used to cut hemi- 
brains into 4S0-/Am -thick horizontal sections fi-om which the dentate 
gyms was microdissected on ice. For protein quantifications, dentate 
gyrus samples from each hemibi^n were pooled and homogenized on ice 
in buffer containing 320 mM sua'ose, 10 mM Tris-HCl, pH 7.4, 10 mM 
EDTA, 10 mM EGTA, 1% deoxychoiate, protease inhibitor mixture 
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(Roche Molecular Biochemicais), and phos- 
phatase inhibitor mixtures I and II (Sigma), 
Samples were then brie% sonicated on ice and 
centrifiaged at 5000 x ^ for 10 min. Equal 
amounts of protein (determined by the Brad- 
ford assay) were resolved by SDS-PAGE on 
4-12% gradient gels and transferred to nitro- 
cellulose membranes- i-or analysis of phospho- 
proteins, meinbranes were labeled with anti- 
pY]472 antibody (hlOOO rabbit polyclonal; 
Chemicon, Temeculaj CA) or anti-dually phos- 
phorylated extracellular signal-regulated ki- 
nase 1/2 (ERKl/2; 1:2500 rabbit polyclonal; 
Cell Signaling, Beverly, MA)> followed by incu- 
bation \vith HRP-conjugated goat anti-rabbit 
IgG (1:5000; Chemicon) secondary antibody. 
For analysis of total protein levels, blots were 
stripped and reprobed with anti-NR2B anti- 
body (1:10,000 rabbit polyclonal; Chemicon) 
or anti-pan- ERK 1/2 (1:2,500 rabbit polyclonal; 
Cell vSignaling). Bands were visualized by ECL 
and quantitated densitometrically with Quan- 
tity One 4.0 software (Bio-Radj Hercules, CA). 

Statistical analysis. Statistical analyses were 
performed with SPSS lO.O (SPSS, Chicago, IL). 
Differences between means were assessed by 
unpaired, two-tailed Student's t test or by 
ANOVA, followed by Tukey- Kramer post hoc 
test. Differences between expected and ob- 
served frequencies were assessed by test, 
Correlations were examined by simple regres- 
sion analysis. Null hypotheses were rejected at 
the 0.05 level 
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Results 

Brain region-specific decreases in 
basal and induced Arc expression in 
l^APPpADniice 

In NTG controls removed directly from 
their home cage, basal Arc mRNA expres- 
sion in the forebrain was widespread and 
relatively uniform in cortical and hip- 
pocampal pyramidal neurons but rrjore 
discrete in the dentate gyrus, where scat- 
tered granule cells exhibited high levels of 
labeling (Fig, 1 A,C). This expression pat- 
tern is consistent with previous reports 
(Lyford et aL, 1995; Temple et aL, 2003). 
Basal Arc expression in hAPPj^ ^^p mice was 
similar, except for a prominent reduction 
in Arc- expressing granule cells (Figs. lAj 2C-F}, It should be 
noted in this context that the PDGF promoter used in these mice 
directs widespread neuronal production of hAPP/A/3 in different 
lines of TG mice (Games et aL, 1995; Rockcnstein et ai.j 1995; 
Muckeetal., 2000), 

To determine whether granule cells of hAPPp^jj mice upregu- 
late Arc expression when a new context is encountered, mice were 
allowed to explore a novel environment for 2 h. In NTG mice, 
environmental exploration markedly increased Arc expression in 
ail regions expressing Arc at baseline (Figs. 1 B, C, 2A, G-F), con- 
sistent with previous findings (Temple et ai, 2003). In hAPPp^^ 
mice, exploration significantly increased Arc expression in the 
CAl pyramidal layer, CAl stratum radiatum, and neocortex, but 
not in granule ceils, which showed no evidence of Arc induction 
(Figs. \B,2B,G-F). 

To investigate whether the Arc expression deficit in hAPPpj^^) 




^1 



Figure 1. Grain region-specific defidts in basal and stimulated Arc expression in HAPPp^^u mice. NTG and TG (hAPPpj^^) mice 
were placed into a novel environment or left in their home cage. Two hours later, they were anesthetized and perfused transcar- 
dialiy. Arc in situ hybridization was perforrned on floating coronal sectiwis.^, Sasal Arc mRNA levels in the hemibrain, neocortex, 
and hippocampus of mice mai ntained i n the homecage. B, Arc mRI^ A levels in mice that had explored the nev^ envi ronment Note 
the increased /^cexpressktn in multiple brain regions, Induding the CAl pyramidal layer (arrowhead), after exploration of the 
novel environment, and the selective decrease in ^rc expression in the granule cell layer of hAPPp^ mice (arrows) under basal {A) 
and sttmufated [B] conditions. C, Higher-magr^ification images of different brain regions in NTG mice. Novel env., Novel environ- 
ment Scale bars: A, B, 1 mm (top), 250 ju,m {middle, bottom); C, 50 /u,m. 



mice was also evident at the protein level, we labeled brain sec- 
tions with an anti-Arc antibody. Environmental exploration 
markedly increased Arc IR in cortical and hippocampal areas in 
NTG mice (Fig. 3). Arc IR was concentrated in neuronal nuclei in 
mice that explored the novel environment but not in mice that 
were maintained in the home cage (data not shown). In hAPPpAD 
mice that explored the novel environment, Arc IR levels in- 
creased in the pyramidal layer and stratum radiatum of CAl, as 
well as in the neocortex, but not in the granular layer of tihe 
dentate gyrus (Fig. 3B-F). Inductions of Arc IR in the CAl region 
and the neocortex were similar in magnitude in hAPPp^D mice 
and NTG controls (Fig. 3D~F). 

To determine whether the granule cell induction of other 
immediate- early genes was also affected in hAPPp^^D mice, we 
examined the expression of Fos. At baseline, hAPP|.^jo mice had 
fewer Fos-immunoreactive granule cells than NTG controls (Fig. 
4 A, C), consistent with previous observations (Palop et al, 2003). 
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Figure Lack of Arc induction in granule cells of bAPPf^u mice after e)(ploration of a ncjvel 
environment. ^,5, (nsitu hybridization illustrates the heterogeneity ofylrc-expressing cells in 
the dentate gyrus and the differential susceptibility of distinct neuronal popuiationsto impair- 
ments in >trc expression in hAPPf^p mice. Note the induced Arc expression in granule cells 
(arrow}, hilar cells (arrowhead), and proximal CA3c p^amidal cells (arrowhead) in an NTG 
mouse [A) and the selective absence of Arc mRNA induction in the granule cells (arrow) of an 
hAPPf^D mouse (fl)Jhe bottom panels depict higher-magnification images from the squared 
regions in^ and B. Scale bars: top, 100 /xm; bottom, 5D jim. im, Stratum lacunosum-molecu- 
lare; mol, molecular layer; gl, granular layer; hil. hilys. C-F, Quantitation of /Ire expression at 
baseline and after exploration of a novel environment (Novel env.). The number of /Irc-positive 
granule cells and the optical density of in situ hybridization labels in other brain regions were 
assessed in coronal sections from NIG controls (□) and hAPP^^fj mice (■) that had ( + ) or had 
not{ — ) explored a novel environment (n = 1 1 -1 2 per genotype and condition) , hAPPp^^) mice 
had significantly fewer /l^c-positlve cells in the granular layer of the dentate gyrus than NTG 
controls, both at baseline and after exploration {Q. Basal levels of ^IrcmRNA in the CA1 pyra- 
midal layer (D), CA1 stratum radiatiim (£), and neocortex (f ) were similar in hAPP^^u^ mice and 
NTG controls. In both groups. Arc mRNA expressior^ in these regions increased robustly after 
exploration of the novel environment. *p < 0.01 versus home-caged group of the same geno- 
type (Tukey-Kramer test}. Error bars Indicate SEM. n.s., Nonsignificant. 



After environmental exploration^ liAPPp/^p mice showed no in- 
crease in the number of Fos-immunoreactive granule cells, 
whereas NTG mice showed a robust increase (Fig, 4B,C). In 
contrast, Fos induction in the CAl pyramidal layer was similar in 
hAP?p^£5 mice and NTG controls (Fig. 4A^B). Granule cell levels 
of Fos and Arc expression in hAPPf^o mice were tightly corre- 
lated both at baseline (jR^ = 0.82; p < 0,001 ) and after environ- 
mental exploration (R'^ = 0.84; ]) < 0.001), suggesting that 
hAPP/A|3 affects a regulatory mechanism common to different 
immediate-early genes. 

To exclude the possibility that the deficits in Arc and Fos 
induction in hAPPi..j^p mice resulted from deficits in exploratory 
drive and a consequent lack of sensory stimulation, we moni- 
tored the motor activity of mice in the novel environment. 



Hgure 3, Brain region-specifit Arc expression deficits in hAPPp^^p mice are also detectable at 
the protein level. Arc fmmunostaining w/as performed on floating coronal sections.^, Basal 
levels of Arc I R in the neocortex aiid hippocampus of mice maintained In their home cage. B, 
Arc-immunoreactive levels in mice ^at had explored a new environment. Note the Increased 
Arc expression after environmental exploration in the neocortex and In the CAl pyramidal layer 
(arrowheads) and the selective decrease m basal f^) and stimulated [B) Arc IR m the granular 
layer of hAPPpAP mice (arrows). Scale bars, 250 fxm. C-f, Quantitation of Arc-immunoreactive 
levels. The number of Arc-immunoreactive granule cells and the optical density of immunola- 
bels in other brain regions were assessed in NTG (□) and hAPPp^Q (■} mice that had (+) or 
had not (-) explored a novel environment (Novel env>; ^ 11-14 per genotype and condi- 
tion), hAPPp^o fTiKe had significantly fev^er Arc-immunoreactive cells in the gran ular layer than 
NTG controls under basakonditions and showed no increase in Arc IR after exploration fO-Arc 
IR in the CA1 pyramidal layer (0), CA1 stratum radiatum (f), and neocortex {F) were similar in 
hAPPfAB mice and NTG controls under both basal and stimulated conditions. *p < 0.01 versus 
home-Gged group of the same genotype (Tukey-Kramer test). Error bars indicate SEM. n.s., 
Nonsignflicant. 

hAPPp^D interacted more with the novel objects than NTG 
controls (Fig, 4D} and were slightly more active in general (data 
not shown), indicating that they had no deficits in exploratory 
drive. 

Resistance of hAPPpAo "^G granule ceils to Arc induction can 
be overcome by kainate-lnduced seizure activity 

To determine whether the deficits in Arc induction in granule 
ceils of liAPPpAD itiice are attributable to a general inability to 
upmodulate Arc expression, we challenged mice with a seizure- 
inducing dose of kainate (18 mg/kg). After 2 h. Arc expression 
increased markedly in granule cells of both NTG and hAPPpy^jj 
mice (Fig. 5A), indicating that granule cells of both groups can, in 
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Figure 4. Granule cells of hAPPf^p mice also fall ta increase Fos expression after environ- 
mental expioration. A, B. Typical patterns of Fos IR in the hippocampus of nrtice that were kept 
in their home cage [A] or allowed to explore a novel environment {B). Note the lack of Fos 
indurtion in the granule cells (arrow} and the normal Fos induction In CA1 pyramidal cells 
(arrowhead) in hAPPpAD mice. Scale b&nA, 250 ju,m. C, The numberof Fos-positive granule cells 
was quantified in NTG (□) and h APPp^^p (■) mice that had { + ) or had not ( — ) explored a novel 
environment (Novel env,;n - 17-19 per genotype and condition). HAPPp^^ mice had signifi- 
cantly fewer Fos-immunoreactive cells in the granular layer of the dentate gyrus than NTG 
controls, both at baseline and after exploration. < 0.01 versus home-caged group of the 
same genotype (Tukey-Kramer test}. n.s., KomignificanL 0, Object interactions in the novel 
environrrtent were quantified from video records during two 1 0 min penods. *p < 0,05 versus 
NTG (Student's nest). Error bars Indicate SEM. n.s., Nonsignificant. 



fact, upmodu]ate A rc expression in response to this type of coor- 
dinated network stimulation. 

To test whether hAPPpAD niice have an increased threshold 

for kainate-mediated Arc induction, we challenged NTG and 
hAPPpAD inice with a lower dose of kainate (10 mg/kg), which did 
not elicit obvious seizure activity. Even this putatively non- 
epileptic dose of kainate elicited marked increases in granule cell 
Arc expression in some of the mice. Notably, a significantly lower 
proportion of hAPPp^j^ mice than NTG mice had such marked 
A rc induction after receiving the lower dose of kainate (Fig. SB), 
In the remainder of the mice, which showed less than maximal 
induction of Arc, the lower dose of kainate augmented Arc 
expression in granule cells only in NTG controls but not in 
hAFPpAD mice (Fig. 5C,D). 

Deficits in Arc expression are independent of plaque 
deposition but influenced by Ap levels 

The synaptic and behavioral deficits we identified previously in 
different liAPPp^j^ lines were independent of the deposition of 
AjS as amyloid plaques (Hsiaetal., 1999; Muckeetal., 2000; Paiop 
et aL, 2003). In contrast, attenuated Arc induction identified by 
quantitative RT-PCR in the entire hippocampi of another line of 
hAPPp^^p mice was ascribed specifically to amyloid deposition 
(Dickey et al.^ 2004). However, early plaque formation in our 
hAPPpAD niice did not correlate with Arc expression in granule 
cells or CAl pyramidal cells, either atbaseUne or after environ- 
mental exploration (Fig. 6A,iJ). 

To further investigate whether Arc deficits in hAPP mice de- 
pend on plaque deposition, we compared TG mice expressing 
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Figure 5. Induction o^Arc mRNA expression by kainate. A, Very high levels of i4rc mRNA in 
gra nule cells and CAl pyramidal ceils in NTG and hAPPp^p mice 2 h after injection of 1 8 mg/kg 
kainate, which elidted seizures in both groups of mice. Scale bar, 25Q jLtm. B, Proportion of mice 
in which injection of 10 mg/kg kainate resulted in similarly high levels of Arc induction in 
granule cells but without elicitmg obvious seizure activity {n = 12-15 per genotype}. < 
0.01 versus NTG {x^ test). C 0, In the remainmg mice, 10 mg/kg kainate resulted in more 
moderate or no induction o^Arc [Q. Compared with saline-injected controls [-] of the same 
genotype, 10 mg/kg kainate [+) augmented Arc indiiction only in HK controls but not in 
hAPPf mice (C arrow; 0). r? - 4 -5 mice per genotype for saline; r? = 7-14 per genotype for 
kainate. *p < 0,05 (Tukey-Kramertest). Error bars indicate SEM. KA, Kainate. 

hAPPpAD (liJie J20) or hAPP^vr (line 15). These lines have com- 
parable levels of transgene expression in the brain but different 

levels of A/3 (Mucke et aL, 2000). Aj3 levels are significantly lower 
in line 15 than in line I20> and hAPP^^-y mice from line 15 never 
develop amyloid plaques. TToweverj these hAPP^^rp mice clearly 
have higher Aj0 levels than NTG controls and do develop subtle 
age-dependent synaptic deficits (Mucke et al„ 2000). hAPP,^ 
mice had less severe deficits in Arc and Fos expression than 
hAPPpAD niice (Fig. 6QD}y suggesting an Aj3 dose effect that is 
likeiy independent of plaque formation. Calbindin reductions 
reached significance only in liAPPp^D mice, but not in hAPPwx ^^ice 
(Fig, 6E)i consistent with previous findings (Palop et al.> 2003). 

Arc expression deficits in hAPPp^p mice correlate with 
depletions of Q:-actinin-2 in the molecular layer 
Arc induction critically depends on signal transduction cascades 
triggered by NMDA receptor activation (Lyford et al., 1995; 
Steward and Worley> 2001). Because the actin-binding protein 
a'-actinin-2 plays a key role in the assembly of NMDA receptors 
in dendritic spines as well as in the modulation of these receptors 
by Ca^^ (Wyszynskiet aL, 1997; Krupp et aL, 1999), we examined 
the expression of o:-actinin-2 in the molecular layer of the dentate 
gyrus, where granule cell dendrites receive afferent input. 
a-Actinin-2 levels were much lower in hAPP^:^-^^ mice than in 
NTG controls and less severely affected in liAPP,^^ mice (Figs. 6F 
and 7 A). The reductions in a-actinin-2 correlated tightly with 
deficits in Arc expression at baseline and after environmental 
exploration (Fig. 75), suggesting that deficits in Arc expression 
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Figure 6. Arc expression in hAPP mice is independent of early piaq ue formation but influ- 
enced by the extent of AjS production. A B, >^f(: expression in hAPPf^^mke does not correlate 
with early p[aq ue formation, Coronal bram sections of hAPPp^^ mke that had (gray dots) or had 
not (black dots) explored a novel environment were immunostained for Aj3 deposits or ana- 
lyzed by in situ hybridization to determine the number of ^rc-positive granule celfs in the 
dentate gyrus [A) and relative ArcmKM levels in the pyramidal cell layer of the CAl region [B]. 
At baseline and after exploration, neuronal Arc expression in the granular layer and in CA1 did 
not correlate with the extent of amyiwd deposition in these regions. C-f, Moiecular profile of 
granule cells in two hAPP lines with similar levels of hAPP expression but different levels of Aj!^ 
(Muckfi et aL, 2000). Brain sections from TG mice of hk??^ line 15 [M] and hAPPp^^^, line J20 
(■) ai^d from NTG littermates of each line {□) were immunostained for Arc {Q, Fos [D), 
calbindtn (f), or a-adnin-2 (f ). r? 9-12 mice per group; *p < 0.01 (Tultey-Kramertest). 
Error bars indicate 5EM. Ln, Natiiral log. 



may be related to alterations in excitatory dendritic spines. Re- 
ductions in Arc (Fig. 7C) and cv-actinin-2 (data not shown) both 
correlated with calbindin reductions, which have been shown 
previously to reflect learning and memory deficits in hAPPpAD 
mice (Palop et al., 2003), underscoring the potential functional 
relevance of these molecular alterations. 

Decreased activity of the NMDA receptor-dependent 
signalLngpathway in the dentate gyrus of hAPFi^Ai) mice 
To assess more directly whether alterations in NMDA receptor- 
dependent signaling might be responsible for Art: expression def- 
icits in hAPPj^jfl^0 mice, wc examined phosphorylation of tyrosine 
1472 of the NR2B subunit, which increases the activity of NMDA 
receptors (Moon et ah^ 1994; Wang and Salter, 1 994) and is asso- 
ciated with LTP induction (Rosenblum et al., 1996; Rostas et al^ 
1996). W estern bbt analysis of the dentate gyrus revealed marked 
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Figure?. Deficits in >lfc expression are associated with reductions in key tomponentsofthe 
NMDA receptor-dependent signaling pathway. ^-C ^cexpressK>n defidts in granule ceils of 
hAPPfj^p mice are tightly United To the depletion of cK-actlnin-2 in the molecular layer of the 
dentate gyrus. Coronal brain section of NTG and hAPPp^p mice that had (gray dots} or had not 
(black dots) explored a novel environment were analyzed by in situ hybridization for Arc or 
i mmunostained for a-actlnin-Z or calbindin. Representative sections f n A iliustrate robust ex- 
pression of Q:-actinin-2 m the molecular layer of an NTG control (left) and depletion of 
a-actinin-2 in the molecular layer of an hAPPp^p mouse (right, a row). Scale bar, 250 ^m. At 
baseline and after environmental exploration, granule cell expression oiArc correlated strongly 
with levels of a-actin m-2 [B), calbindi n [Q, and Fos (data not shown] in hAPPf^o f^ice but not 
in NTG controls. Z?*^ and p values in B and C refer to hAPPf^p mice only. Novel env., Novel 
environment; Ln, natural log. D, B, Levels of phosphorylated (activated) NR2B and ERKl/2 are 
reduced in the dentate gyrus of hAPPfAo mice. Western blot analysis of phosphorylated tyrosrne 
residue 1472 of NR2& (pV1472) and total NR2B (0) levels and of dually phosphorylated ERK1/2 
(pERKV2) and total ERK1/2 (£} levels illustrates reduced levelsofpiftativeiy activated h!R2Band 
ERK1/2 in the dentate gyrus of hAPPpAD mice compared with NTG controls. Quantitation of 
bands on comparable blots (bottom) revealed significant redudons In the ratios of phospho/ 
total NR2B [D] and in phospho/total ERK1/2 (f) in hAPPpAp mice compared with NTG controls 
and no change in the levels of total NRZB and total ERK1/2./T = 9 -10 mice per genotype. < 
0.05 {Student's f test).Error bars indicate SEM. 

reductions in phosphorylated NR2B in hAPPp,i^p mice compared 
with NTG controls and no change in total NR2B levels (Fig. 7D). 

Calcium influx through NMDA receptors leads to down- 
stream phosphorylation and activation of ERK1./2, MAPK 
(mitogen -activated protein kinase) family members with activi- 
ties that are critical for LTP (Thomas and Huganir, 2004). 
hAPPi,^0 mice had reduced levels of phosphorylated ERKl/2 in 
the dentate gyrus, without changes in total ERKl/2 levels (Fig. 
7E). Because phosphorylation of ERKl/2 is an early event in 
NMDA receptor-mediated signaling, which is necessary for Arc 
induction (Steward and Worleyj 2001), this result further sup- 
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ports the notion that Arc deficits in hAPP^j^^^ mice may result 
from impairments in NMDA receptor- mediated signaling. 

Discussion 

We used immediate-early gene expression imaging to assess the 
effects of hAPP/AjS on activity patterns of neuronal ensembles in 
the brain. Widespread neuronal expression of hAPP/A/3 im- 
paired both basal and induced expression of Arc predominandy 
in granule cells of the dentate g)Tus. Thus, although granule cells 
are relatively resistant to degeneration in AD and hAPP mice 
(West et al», 1994; Palop et alo 2003), they arc exquisitely \nlner- 
able to hAPP/AjS-induced dysfunction. The reduced phosphory- 
lation of NR2B and ERKl/2 in the dentate gyrus suggests that this 
impairment maybe attributable, at least in part, to an attenuation 
of NMDA receptor-dependent signaHng, In light of the physio- 
logical functions of Arc and the dentate gyrus (Guzowski et al., 
2000'> Gilbert et aL, 2001 ), disruption of Arc expression in granule 
cells may contribute critically to deficits in learning and memory 
in hAPP mice and possibly in AD, 

When entire hippocampi of hAPP/preseniiin 1 doubly TG 
mice were analyzed by RT-PCR, basal Arc expression was found 
to be normal, whereas induced expression was attenuated 
(Dickey et ah, 2004). Our results show that deficits in basal Arc 
levels in granule ceils could easily be obscured by normal basal 
Arc levels in cells of other hippocampai subfields. Attenuated Arc 
induction in hAPP/presenilin 1 mice was ascribed specifically to 
amyloid deposition (Dickey et ah, 2004). However, In our 
hAPPp^^D niice, Arc expression in granule cells and CAl pyrami- 
dal cells did not correlate with early amyloid deposition, at base- 
line or after stimulation. Moreover, we found qualitatively simi- 
lar, albeit smaller, deficits in Arc expression in hAPPw-p mice 
from line 15, which never develop plaques (Mucke et al., 2000). 
Although AjB levels are typically lower in hAPP^ mice than in 
transgene expression-matched hAPPp^^) mice, hAPPwr ^^ice 
have higher A/3 levels than NTG controls and can develop age- 
dependent synaptic and behavioral deficits (Moechars et al, 
1999; Mucke et al, 2000; Koistinaho et al., 2001). Granule cell 
exp ression of Arc and Fos in h APP^t nii^^^ "^'^s indeed lower than 
in NTG mice and higher than in hAPPp^p niice, suggesting an Aj3 
dose effect. Our findings support the notion that functional def- 
icits in hAPP mice are more likely caused by small nonfibrillar Aj3 
assemblies than by fibrillar AjS deposited in amyloid plaques 
{Hsia et al, 1999; Klein et al., 2001j Walsh and Selkoe, 2004; 
Clearyetal, 2005). 

Independent of which particular A/3 assemblies or hAPP me- 
tabolites are responsible for the molecular alterations we identi- 
fied in hAPP mice, they might act both within the dentate gyrus 
and in regions projecting to this structure. Indeed, because Arc 
expression depends on excitatory synaptic activity (L}^ord et al., 
1995), the special vulnerability of granule cells to AjS-induced 
disruptions of Arc expression could be attributable to cell- 
autonomous effects and to alterations in network properties. 
Consistent with the latter possibility, the lines of liAPP mice an- 
alyzed in the current study have depletions of synaptophysin- 
immuno reactive presynaptic terminals in the molecular layer of 
the dentate gyrus (Mucke etal, 2000), where granule cells receive 
most of their input. It is also interesting in this regard that the Arc 
expression deficits in our hAPP mice resembled those in NTG 
rats after lesioning of the entorhinal cortex (Temple et al, 2003), 
The entorhinal cortex is affected early in AD (Hyman et al., 1988) 
and is important in computations that take place before and after 
cortical information enters the hippocampus (Steffenach et alo 
2005). Thus, molecular alterations and s)Tnaptic impairments in 
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the molecular layer of the dentate gyrus in hAPP mice may reflect, at 
least partially, neuronal alterations in laminas II and III of the ento- 
rhinal cortex, from which granule cells receive important input. 

The results of the current study suggest that Aj3-induced al- 
terations in granule cell input might trigger a vicious cycle that 
could progressively disable critical hippocampai functions, A de- 
crease in NMDA receptor-dependent signaling, which is critical 
for the expression of Arc (Steward and Worley, 2001), may be a 
crucial element of this cycle. In the dentate g>Tus of hAPPj.j^|> 
mice, we found reductions in the phosphorylation states of the 
NR2B subunit, which regulates the activity of NMDA receptors 
(Salter and Kalia, 2004), and reductions in the MAPKs ERKl/2, 
the activities of which are regulated by NMDA receptors 
(Thomas and Huganir, 2004). In agreement with our in vivo 
results, it has been demonstrated recently in primary neuronal 
cultures that A/3 promotes dephosphorylation of the NR2B sub- 
unit and endocytosis of NMDA receptorSj attenuating NMDA- 
evoked currents and NMDA-dependent signaling pathways 
(Snyder et al„ 2005). 

Notably, an experimental reduction in Arc expression in the 
rat hippocampus impaired maintenance of LTP and consolida- 
tion of long-term memory (Guzowski et al., 2000). hAPPp;AD 
mice from line J20 also show deficits in learning and memory that 
correlate tightly with depletions of calbindin and Fos in granule 
cells of the dentate gyrus (Palop et al, 2003), which in turn cor- 
related with Arc deficits in the current study. Because Arc appears 
to participate in the modification of activated S)Tiapses as an 
anchoring or targeting protein (L}dbrd et al, 1995; Guzowski et 
al, 2000), its reduction could destabilize dendritic spines and 
contribute to reductions in other synaptic activity- dependent 
proteins^ including Fos, calbindin, and a-actinin-2, further im- 
pairing learning and memory (Molinari et al,, 1996; Guzowski, 
2002). Alterations in a-actinin-2 and calbindin could in turn 
impair NMDA receptor signaling (Wyszynski et al, 1997; Krupp 
et al, 1 999; Nagerl et al, 2000), on which Arc expression depends 
(Lyford et al, 1995; Steward and Worley, 2001). 

Because Arc and related factors seem to be intimately involved 
in the encoding of specific environmental contexts (Guzowski et 
al, 1999; Vazdarjanova and Guzowski, 2004), the vicious cycle 
described above would be expected to disrupt the recruitment of 
granule cell ensembles during acquisition of contextual informa- 
tion. It is tempting to speculate that this process contributes crit- 
ically to the visuospatial disabilities of hAPP mice and of patients 
with AD, The obliteration of encoding activity in specific neuro- 
nal populations involved in learning and memory may also con- 
tribute more generally to the impairments of declarative memory 
in early AD and to the inexorable loss of memory and other 
cognitive functions later on. The vicious cycle triggered by im- 
pairments in molecular pathways that both depend on and regu- 
late synaptic activity might be broken not only by decreasing A/3 
levels in the brain but also by normalizing synaptic plasticity. 
These approaches are not mutually exclusive and, in combi na- 
tion j might provide additive or synergistic therapeutic benefits. 
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Human amyloid precursor protein (hAPP) transgenic mice with high levels of amyloid- 13 (Ap) develop behavioral deficits that correlate 
with the depletion of synaptic activity-related proteins in the dentate gyrus. The tyrosine kinase Fyn is ahered in Alzheimer*s disease 
brains and modulates premature mortality and synaptotoxicity in hAPP mice. To determine whether Fyn also modulates A/3-induced 
behavioral deficits and depletions of synaptic activity- dependent proteins, we overexpressed Fyn in neurons of hAPP mice with moderate 
levels of Aj8 production. Compared with nontransgenic controls and singly transgenic mice expressing hAPP or FYN alone> doubly 
transgenic FYN/hAPP mice had striking depletions of calbindin, Fos» and phosphorylated ERK (extracellular signal-regulated kinase), 
impaired neuronal induction of Arc^ and impaired spatial memory retention. These deficits were qualitatively and quantitatively similar 
to those otherwise seen only in hAPP mice with higher A/3 levels. Surprisingly, levels of active Fyn were lower in high expresser hAPP mice 
than in NTG controls and lower in FYN/hAPP mice than in FYN mice. Suppression of Fyn activity may result from dephosphorylation by 
striatal-enriched phosphatase, which was upregulated in FYN/hAPP mice and in hAPP mice with high levels of Aj3, Thus, increased Fyn 
expression is sufficient to trigger prominent neuronal deficits in the context of even relatively moderate AjS levels, and inhibition of Fyn 
activity may help counteract A;3-induced impairments. 

Key words: hippocampus; plasticity; amyloid ^; Arc; spatial memory; striatal-enriched phosphatase (STEP) 



Introduction 

The amyloid precursor protein (APP) is expressed at high levels 
in synapses in which it appears to play roles in synaptic plasticity 
and neurite outgrowth (Turner et al., 2003). APP undergoes pro- 
teolytic cleavage resulting in several metabolites, including 
amyloid- p (A/3) peptides (Turner et al.^ 2O03). Abnormal accu- 
mulation and deposition of AJ3 are pathological hallmarks of 
Alzheimer's disease (AD), vi^hich is associated with progressive 
cognitive decline and degeneration of synapses and neurons. 
However, the precise relationship between A^, synaptic impair- 
ments, and cognitive decline remains uncertain (Walsh and 
Selkoe, 2004). 

APP/Aj3-induced neuronal and behavioral deficits have been 
investigated in several transgenic (TG) mouse models (Higgins 
and Jacobsen, 2003; Gotz et al, 2 004; Kobayashi and Chen, 2005 ) . 
Findings from many of these models, as well as from in viUv 
studies, are consistent with the hypothesis that small nonfibrillar 
assemblies of A/3 can aberrantly engage intracellular signaling 
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pathways in neurons and thereby disrupt normal synaptic func- 
tion (Lambert et al.> 1998; Hsia et al, 1999; Klein et al., 2001; 
Verdier and Penke> 2004; Walsh and Sclkc^e, 2004), Several cell- 
surface receptors have been identified that might mediate these 
AJ3 effects, including Integrins (Sabo et al.» 1995; Bi et al., 2002; 
Grace et al., 2002), nicotinic acetylcholine receptors (nAChRs) 
(Dineley et al., 2001), the p75 neurotrophin receptor (Yaar et a]., 
1997), and the receptor for advanced glycation end products 
(YanetaL, 1996; Arancio etal.» 2004). Many of these receptors are 
located at the postsynaptic membrane, providing Aj3 with a suit- 
able vantage point from which to disrupt synaptic function. 

Several signaling molecules that transduce receptor- activated 
signals are localized beneath the postsynaptic membrane and 
modulate cell- cell adhesion, receptor clustering, or the scaffold- 
ing of signaling molecules (Kennedy^ 1997). One of these mole- 
cules is Fyn, a member of the Src family of tyrosine kinases 
(Thomas and Brugge, 1997). Strategically located at the postsyn- 
aptic density of glutamatergic synapses, it is in an excellent posi- 
tion to modulate the effects of A^ on synapses. Indeed, Fyn acti- 
vation occurs during engagement of integrins and glutamate 
receptors (Roskoski, 2004; Salter and Kalia, 2004), both of which 
have been implicated in A^-induced disruption of synaptic func- 
tion (Klein et al., 2001; Grace et al., 2002; Williamson et aL, 2002). 
Furthermore, the distribution and levels of Fyn are altered in AD 
brains (Shirazi and Wood, 1993; Ho et al., 2004), and the toxic 
effects of A/3- derived diffusible ligands on murine hippo campal 
slices were blocked by the genetic ablation of Fyn (Lambert et al., 
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Figure 1. Increased expression of Fyn triggers hAPP/AjS-mdu«d depletion of calbindin in 
the dentate gyrus. A, Immunostai ning fortal bind in in the molecu lar layer of tlie dentate gyrus 
(arrow) demonstrates marlced depletion in a severely affected FYN/iiAPPjj,^^ mouse compared 
with NTG and singly TG mk^. B, C Quantitation of relative calbindin immunoreactivity (!R} 
levels in the molecu iar layer of the dentate gyrus ir} 23-37 mice per genotype {B) and 9 mice per 
genotype (Q. The interaction between hAPP,o^, and FYN was significant by ANOVA (p < 
0.001).**/? < 0.01, < 0.001 versLis NTG; V < 0.05. D, Western blot analysis of dentate 
gyrus lysates demonstrates com parable levels ofhAPP (top) and Fyi^(middie)overexpression in 
singly TG and FVN/hAPP|o„ mice, as well as calbirMlIn redurtions in FYN/h APP,,;^ m ice (bottom). 
Scale bar, 250 /xm. 

1 998}. Finally, ablation of Fyn decreased, whereas overexpression 
of Fyn increased, A|3- induced synaptotoxicity and premature 
mortality in human APP (hAPP) mice (Chin et al., 2004). To- 
gether, these results suggest that Aj3 may derange synaptic func- 
tions by aberrantly engaging Fyn-related signaling pathways. 

Here, we tested the hypothesis that increased neuronal activity 
of Fyn can trigger and exacerbate A/3-induced neuronal and be- 
havioral deficits, increasing Fyn activity in neurons elicited mem- 
ory impairments in TG mice with moderate levels of hAPP/Ap 
expression and significantly exacerbated their depletion of syn- 
aptic activity-related proteins, creating a striking phenocopy of 
functional and molecular impairments typically seen only in 
mice with much higher levels of Aj3. These results highlight the 
potential significance of pathogenic interactions between 
hAFP/A/3 and Fyn -related signaling pathways. 

Materials and Methods 

re mice, hAPP TG lines J9 and J20 produce hAPP carrying the Swedish 
(K670N, M671L) and Indiana (V7J7F) familial AD mutations (hAPP770 



numbering) directed by the platelet-derived growth factor (PDGF) 
chain promoter (Rockenstein et al., 1995; Muclce ct al, 2000). The lines 
were crossed for >I0 generations onto a C57BL/6 background using 
NTG mice from The Jackson Laboratory (Bar Haibor, ME). Heterozy- 
gous FYN TG mice (line N8) overexpress Aviid-type mouse Fyn directed 
by the caicium/calmodulin-dependent protein kinase Ihx promoter on a 
C57BL/6 background (Kojima et aL, 1997, 1998). Unless indicated oth- 
erwise, mice were evaluated at 6-S months of age. To decrease variabil- 
ity, only maie mice were assessed in the Morris water maze; aU other 
measurements were performed on gender-baianced groups. Mice were 
anesthetized and flush-perfused transcardially with PBS. Hemibrains 
were fixed in 4% phosphate -buffered paraformaldehyde or stored at 
-70°C. All experiments were approved by the Committee on Animal 
Research of the University of California, San Francisco. 

Immunohistochemistry. Sliding microtome sections (30 fjm) were avi- 
din-biotin/inimunoperoxidase stained using the following primary an- 
tibodies: anti-calbindin (1:15,000; rabbit polyclonal; Swant, Bellinzona, 
Switzerland), anti-Fos (l:]0>000; rabbit polyclonal Ab-5; Oncogene^ San 
Diego, CA), anti-duaily phosphor)dated extracellular signal-regulated ki- 
nase 1/2 (phospho-ERKl/2; 1:100; rabbit polyclonal; Cell Signaling, Bev- 
erly, MA), anti-Arc (1 :8000; rabbit polyclonal; a gift from Dr. P. Worley, 
Johns Hopkins University, Baltimore, MD), and biotinylated anti-AfJ 
(1:500; mouse monoclonal 3D6; Elan Pharmaceuticals, South San Fran- 
cisco, CA). Biotinylated goat anti-rabbit (1:200; Vector Labordtories, 
Burlingame, CA) was used as the secondary antibody. Diaminobenzidine 
was used as & chromagen. For the aiiab'sis of calbindin-immunoreactive 
(JR.) structures, two coronal sections (300 ^xm apart) per mouse between 
—2.54 and —2.80 mm from bregma were selected. The integrated optical 
densit)' (lOD) of immunostains was determined with BioQuant Image 
Analysis (R&M Biometrics, Nashville, TN) and averaged in two areas 
(0,04 mm^ each) of the molecular layer of the dentate g\Tus and of the 
stratum radiatum of the CAl region. Relative calbindin-IR levels were 
expressed as the ratio of lODs in the molecular layer and in the stratum 
radiatum of the same section, The mean ratio of non transgenic (NTG) 
mice was defined as 1 . The reladve numbers of Fos-IR, phosphc>-ERK 1 /2-IR, 
and Arc-IR granide cells were determined by counting labeled cells in the 
granular layer in every 10th serial coronal section throughout the rostro- 
caudal extent of the granular layer. For plaque-load determination, the 
average percentage area of the hippocampus occupied by A/3-IR deposits 
was determined in four coronal sections (300 fxm apart) per mouse, as 
described previously (Mucke et al.j 2000). 

Vibratome sections (50 ^xm) were labeled with anti-glial fibrillary 
acidic protein (GFAP; 1:500; Chemicon, Temecula, CA) as described 
previously (Toggas et al., 1994; Mucke et al., 1995), followed by a biotin- 
ylated species-specific secondaiy IgG (1:200; Vector Laboratories). After 
development with diamimobenKidine, relative levels of immunoreactivity 
were determined densitometrically with a Quantimet 570C (Leica, Arca- 
dia, CA). 

Jmmunoprecipitation and Western Mot analysis. A Mcllwain dssue 
cbopper was used to cut hemibrains into 450-/Am-thick horizontal sec- 
tions from which the dentate g)'rus was microdissected on ice. For pro- 
tein quantitations, dentate gy^rus samples from each hem ibrain were 
pooled and homogenized on ice in buffer containing 320 mM sucrose, 10 
mM Tris-HCl> pH 7.4, 10 mM £DTA> 10 mM EGTA, 1% deoxycholate, 1 
mM PMSF, Phosphatase Inhibitor Cocktails I and II (Sigma), and pro- 
tease inhibitor mixture (Roche). Samples were then briefly sonicated on 
ice and centrifuged at 5000 X g for 10 min. Equal amounts of protein 
(determined by the Bradford assay) were resolved by SDS-PAGE on 
4-12% gradient gels and transferred to nitrocellulose membranes. For 
immunoprecipitations, 70 /xg ofproteinw^ere incubated overnight at4°C 
with 5 /aI of goat-anti-Fyn polyclonal antibody (Santa Cruz Biotechnol- 
ogy, Santa Cru2, CA). Protein G -coupled magnetic beads were then 
added to precipitate antibody-bound proteins. After washing the beads, 
2X sample buffer was added to hberate the antibody-protein complexes, 
and samples were resolved by SDS-PAGE. For analysis of phospho- 
proteins, membranes were labeled with anti-Tyr^^^ which recognizes 
active ¥yn (I;1000; rabbit polyclonal; Cell Signaling), followed by incu- 
bation with HRP- conjugated goat anti-rabbit IgG (1:5000; Chemicon) 
secondar>^ antibody. For analysis of total Fyn levels, blots were stripped 
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Figure 2. hAPP/AjS and Fyn cooperate to diminish tlie nu mber of Fos-positive granule ce[ls 
in FYN/hAPP|p^ mice. 4, Immunostaining for Fos demonstrates a typical pattern of gransjle cell 
labeling (arrow) in the dentate gyrus of an NTG mouse a nd different degrees of Fos red uctJon in 
TG mice. FYN/h APP|^,^y mke were affected most severely, Calbindm levels correlated with the 
number of Fos-positive gra nule cells in si ngly and doubly TG mke but not in NTG controls. The p 
and/?'' values refer to TG groups only. C, i?, Quantitation of Fos-positive granule cells revealed 
significant reductions in hAPPj^,^ and FYN mice [Q. FYN/hAPPj^^ mice had more severe deple- 
tior^s [Q that were of similar magnitude as those fn hAPPf,jg,, mice (0). n = 23-37 {Q orn = 9 
(£1) mice per genotype. **p < 0.01, ***p < 0.001 versus NTG. Scale bar, 100 jutm. 



and rcprobed with anti-Fyii (1^1000; mouse monodonaJ; BD Transduc- 
tion Laboratories, San Jose> CA). The folJowing antibodies vs^ere used for 
Western "blot analyses and detected with species- appropriate HRP- 
conjugated secondary antibodies: anti-human APP (1:1000; Elan Phar- 
maceuticals), anti-striatal-enriched phosphatase (STEP; 1:5000; mouse 
monoclonal; Novus Biologicals, Littleton, CO), anti-a;7 iiAChR (1:1000; 
mouse monoclonal; Covance, Princeton, NJ), and anti-calbmdin 
(1:15,000; rabbit polyclonal; Swant). Bands were visualized by ECL and 
quantitated densitometrically with Quantity One 4.0 software (Bio-Rad, 
Hercules, CA). 

Novel ennronment Mice were singly housed for 3 d before the exper- 
iment Mice assigned to novel environment exploration were transferred 
to an adjacent room that was different in size, shape, light, and furni shing 
and placed into another cage. The new cage was kept uncovered and 
contained a different t>pe of bedding as weU as five novel objects. The 
mice were allowed to explore the new environment for 2 h, whereas the 
remaining mice were kept undistui bed in their home cages. 

The artivity of the mice and their interactions with the novel objects 
were quantified from video records during the first 10 min of each hour 
the mice spent in the new cage. Aaivities included ambulatory move- 
ments, rearing, sniffing, and digging. Overall activity was counted as the 



Figure 3. hAPP/A j3 and Fyn cooperate to diminish the number of pERKl/2'positive granule 
celis in FYN/hAPPj^^ mke. 4 Imrnunostainingfor phosphoryiated ERKl/2 {pERKl/2) demon- 
strates a typical pattern of granu k eel I iabeling (arrov^^] In the dentate gyrus of an NTG mouse 
and different degrees of pB?Kl/2 reduction in T6 mice. FYN/hAPPio^^ mice weie affected most 
severely, fi, Significant correlations between the numbers of pERKl /I- and Fos-positive granule 
cells were Identified in singly and doubly TG mice but not in NTG controls. The p and ff ' values 
refer to T6 groups only. C D, Quantitation of pERKI /2-positive granule ceils revealed a signifh 
cant reduction in hAPP,^^ mice {Q. FYN/hAPP,^^ mice had more severe depletions {0 that were 
of similar magnitude as those in hAPP^j^tj mice [D). n - 23-37 (C) or n - 9 [D] mice per 
genotype. **p < 0,01, < 0.001 versus NTG. Scale bar, 100 /jim. 



proportion of time the mice were engaged in any of these behaviors. An 
object interaction event was defined as any t)^e of close exploratoiy 
activity with any of the five novel objects. Observers^ were blinded with 
respect to the genotype of mice. 

At the end of the observation period, alternate mice assigned to the 
home cage or novel environment condition were taken to another room, 
deeply anesthetized, and perfused ti-anscardially. 

Morris water maze. The water m aze pool (diameter, 1 22 cm) contained 
opaque water {22-23°C} with a platform (diameter, 10 cm) submerged 
1 .5 cm. A black and white striped mast (15 cm in height) was mounted on 
the platform for cued training sessions and removed for hidden platform 
sessions. For hidden platform sessions, the platform (14 X 14 cm) was 
submerged 1.5 cm and was not cued. Mice were trained to locate the cued 
platform (sessions 1-6) and the hidden platform (sessions 7-16) in two 
daily sessions (3.5 h apart), each consisting of two 60 s trials (cued train- 
ing) or three 60 s trials (hidden training) with a 15 min intertrial interval. 
The platform location tatis changed for each cued platform ses.sion but 
remained constant in the hidden platform sessions. Entr)^ points were 
changed semirandomly between trials. Twenty-four hom-s after comple- 
tion of the hidden platform training, a 60 s probe trial (platform re- 
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Figure 4. j mpaired ind uction of Arc expression in FYN/hAPPjj^^y mice. A, Micrographs demonstrating Arc-IR gra nule ce[ls in the dentate gyrus (arrow) and pyra midal tells In CA 1 (arrowhead) In 
home-caged mice (HC; topj and mice that had explored a novel environment (NE; bottom). B, High-magnification micrographs illustrating that granule ceils iri the dentate gyrus were Arc 
im munoreaaive in an NT6 mouse (left), but not in a FYN/h APPj^^ mouse (right), after expioratio n of a novel environment. C Microg raphs demonstrating Arc-I R cells In the neocortex of mice that 
had (bottom) or had not (top) explored the novel environment. D-f, Quantitation of Arc immunolabeyng [n 3-10 mice per genotype and condition) demonstrates that environmental 
exploration increased the number of Arc-positive granule ceHs in NTG and singly TG mice but not In FYN/hAPP,^,^ mice [D). In contrast, environmental exploration increased Arc induaion in the 
pyramidal (Pyr) cell layer of theCAl region (£) and the neocortex {f ) also in FYN/hAPP,o^ mice, although to a somewhat lesser extent than in NTG and FYN mke. For CAT and neocortex data, 
meesurements in each bar^vere normalized against the mean of the home-caged NTG mice. *V < 0.01, ***p < 0.001 versus NTG by ANOVA; < 0.01, < 0.001 by Fisher's ?\5Xipo^thoi 
test. Scale bars: A, C, 250 /xnt; B, 50 im. 



moved) was performed. Entry points for probe trials were in the west 
quadrant, and the target quadrant was the southeast quadrant. Perfor- 
mance was monitored with an EthoVision video-ti acking system (Nol- 
dus Information Technology, Wageningen, The Netherlands). 

Ele\'ated plus maze. The elevated plus-shaped maze consisted of two 
open arms and two closed arms equipped with rows of infrared photo- 
cells interfaced with a computer (Hamihoii, Poway, CA) as described 
pre\aousiy (Raber et al., 2000), Briefly, mice were placed individually into 
the center of the maze and allowed to explore the apparatus for 10 min. 
The number of beam breaks was recorded to calculate the amount of time 
spent and distance moved in each arm, as well as the number of times the 
mice extended over the edges of the open arms. The apparatus was 
cleaned with 0.25% bleach between the testing of each mouse to stan- 
dardize odors. 

Statistical analyses. Statistical analyses were performed vfith Statview 
5.0 (SAS Institute, Car)^ NC) or SPSS- 10 (SPSS, Chicago, IL), Differences 
between means were assessed by Student's ttest, Mann-Whitney t/test, 



one-factor ANOVA, or two -factor ANOVA» followed by Tukey-Kramer 
or Fisher's PLSD post hoc tests. Correlations were assessed by simple 
regression anal>'sis. The numbers of IR cells analyzed in the regressions 
are shown as relative values (compared with the mean of NTG mice) of 
the natural log of the totai numbers of IR cells counted in each mouse. 

Results 

To test for copathogenic effects between hAPP/Aj8 and Fyn, v^^e 
crossed heterozygous TG mice from a PDGF-hAPF line with 
moderate levels of neuronal hAPP/A/3 expression (J9, 
"hAPP,^,;') (Hsia et al, 1999; Mucke et al., 2000; Chin et al., 
2004) with heterozygous TG mice from a CamKIIa-FYN hne 
(line N8) \vith increased neuronal levels of wild-type mouse Fyn 
(Kojima et al, 1997, 1998). The cross yielded four genotypes: 
NTG mice, singly TG hAPP mice, singly TG FYN mice, and 
doubly TG FYN/hAPP mice. These groups of mice were com- 
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pared with heterozygous TG mice from a PDGF-hAPP line with 
higher levels of neuronal hAPP/A^ expression (J20, "hAPP^igh") 
(Mucke et al., 2000; Palop et al., 2003; Chin et al, 2004), 

Increased expression of Fyn exacerbates hAPP/A/3-induced 
depletion of calbindin and Fos 

llie calcium -bin ding protein calbindin -D2tj]^ regulates intracellu- 
lar calcium levels and is important for long-term potentiation 
and for learning and memory (Molinari et al., 1996). It is mark- 
edly reduced in the dentate gyrus of many, but not all, hAPPhigh 
mice in a manner that strongly correlates with impaired perfor- 
mance in the Morris water maze (Palop et al., 2003). Calbindin 
levels in granule cells of the dentate gyrus were only slightly re- 
duced in singly TG hAPPj^,^^ mice and unaffected in singly TG 
FYN mice compared with NTG controls (Fig. 1). In contrast, 
doubly TG FYN/hAPPio,y mice had profound depletions of 
calbindin (Fig. 1 A,B) that were similar in magnitude to those in 
age-matched singly TG hAPPi^^^h ^^^^ without the FYN trans- 
gene (Fig. IC). These results were confirmed by Western blot 
analysis of dentate gyrus lysates, which demonstrated lower cal- 
bindin levels in FYN/liAPPi„^ mice than in NTG mice and singly 
TG controls (Fig. ID, bottom). hAPP (Fig. ID, top) and Fyn 
levels (Fig. 1 D, middle) are shown to illustrate the similar extent 
to which these proteins are overexpressed in FYN/hAFP|o„. mice 
and in the corresponding singly TG controls. 

Calbindin depletions in the dentate gyrus of hAPP^ij^h mice 
correlate tightly with reductions in Fos-positive granule cells 
(Palop et al, 2003). hAPPi,,,, and FYN singly TG mice had fewer 
Fos-positive granule cells than NTG controls (Fig. 2A,C), al- 
though only FYN/hAPF|j^^, mice had Fos reductions as severe as 
those in hAPP^igij mice (Fig. 2D). Decreases in FOsS- positive gran- 
ule cells correlated with calbindin reductions in mice of all TG 
genotypes In which Fos levels were reduced (Fig. 2B), suggesting 
that Fos and calbindin were affected by a common mechanism. 

Fyn and hAPP/Aj3 decrease the activity of ERKl/2 in the 
dentate gyrus 

The expression of Fos and other immediate-early genes is con- 
trolled by transcription factors, the nuclear translocation and 
transcriptional activity of which are regulated by synaptic 
activity-dependent kinases such as ERKl/2 (KeUeher et ai., 2004; 
Sweatt, 2004). To test whether the reduction in Fos might be 
related to impaired ERKi/2 activity, we examined the expression 
of dually phosphorylated (activated) ERKl/2 in granule cells. 
Similar to the results obtained for Fos, the number of phospho- 
ERKi/2-positive granule cells was significantly reduced in singly 
TG hAPPj„^ mice and most severely affected in FYN/hAPPi„^. 
mice (Fig. 3A-C). Once again, the reductions in phospho- 
ERK 1/2 -positive granule cells in FYN/hAPPi^^^ mice matched 
those in hAPPhigi, ^^^^ (^ig- 3^)- numbers of Fos-positive 
and phospho-ERK-positive granule cells were correlated in all 
groups of TG miccj suggesting that these proteins are coregulated 
(Fig. 3B). 

Combined expression of Fyn and hAPP/Aj3 impairs induction 
of Arc expression after exploration of a novel environment 

ERKl/2 also regulates the expression of the immediate -early gene 
product Arc (Waltereit et al., 2001; Kremerskothen et al, 2002;. 
Ying et al, 2002). Arc is highly enriched in dendrites of hip- 
pocampal neurons where it binds to cytoskeletal elements (Ly- 
ford et al., i 995) and has been characterized for the accumulation 
of its mRNA and protein in segments of dendrites that were re- 
cently active (Stevrard et al., 1998). Exploration of a novel envi- 
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Figure 5, impaired spatial memory retention in [^N/hAPP|^^ mice. A, Acquisition of the 
cued and hidden platform portions of the Morris water maze test was similar in all groups of 
mice [n - 7-11 per genotype). B, During the probe trial (platform removed), FYN/hAPP,^,^ 
mite showed no preference forthe target quadrant, whereas NTG, hAPPj^^, and FYN mice spent 
significantly more time searching the target quadrant than the other three quadrants. **p < 
0.01 versus target quadrant by Student's t test, C, Representative examples of swim paths 
during the probe trial. Shading indicates the target quadrant. 

ronment has been shown to induce Arc expression in dentate 
granule cells (Guzowski et al, 1999; Pinaud et al, 2001; Chawla et 
al., 2005). Novel environment exploration strongly increases Arc 
expression in granule cells of the dentate gyrus in NTG mice but 
not m hAPPhigh mi^ (Palop et al, 2005). In contrast, singly TG 
hAPP]„^, and FYN mice showed normal Arc induction in this 
paradigm, although their basal Arc levels were lower than those of 
NTG littermates (Fig. 4A,D). Notably, FYN/hAFPj„^. mice had 
more prominent reductions in basal Arc levels and actually 
showed a decrease in Arc expression instead of an increase after 
environmental exploration (Fig. 4A,B,D). No significant differ- 
ences were found in locomotion or object interactions among the 
four genot)Tpes (data not shown). All groups of mice showed 
similar basal levels of Arc and comparable Arc induction in the 
pyramidal cell layer of CAl (Fig. 4A,£) and in the neocortex (Fig. 
4C,F), although the induction was slightly attenuated in hAPPj^^, 
and FYN/hAPPi^^,,, mice. The selective deficit in basal and induced 
Arc expression in the dentate gyrus of doubly TG FYN/liAPPi^^ 
mice is ver)' similar to that observed in singly TG hAPP^-^h mice 
(Palop et al, 2005), suggesting that Fyn and hAPP/Aj3 act syner- 
gistically to impair Arc expression in a brain region -specific 
manner. 
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Figure 6. Behavioral alterations of FYN/hAPPij^ mice in the elevated plus rnaze. A, B, FYN/ 
h/^P]6w ice spent signifirantiy more time in the open arms {A) and peered more often over tfie 
edges of the maze {B) than the other three groups [n = 15-25 mice per genotype). C FYN/ 
hAPP|p^ mice showed no preference for the closed arms, whereas NTG, hAPPj^,^, and FYN mke 
spent significantly more time in the closed arms than in the open arms of the maze. D-F, 
Compared with NTG controls, singly TG hAPP^^gt, mke also spent more time in the open arms 
{0]r peered over the edges of the apparatus more often {£}, and showed no significant prefer- 
ence for the closed arms (f ) [n = 12-13 mice per genotype). **p < 0.01 versus NTG by 
Student's r test {D, £); < O.MI versjs NTG by ANOVA {A, B) or versus dosed arnns by 
Student's f test (Cf). 

Cooperation of Fyn and hAPP/AJS impairs spatial memory 
retention and alters emotional behavior 

Because the molecules that were reduced in the dentate gyrus of 
FYN/hAPP]„^^. mice are critically involved in the formation or 
consoHdation of memories (Molinari et aL, 1996; Atkins et a!,, 
1998; Bium et aL, 1999; Guzowski et al., 2000; Guzowski, 2002^ 
He et aL, 2002)> we next assessed the spatial leaniing and memory 
of mice in the Morris water maze. NTG, IiAPP^o^,> FYN> and 
FYN/hAPP]„^ mice were able to learn both the cued (platform 
location visible) and the spatial (platform hidden) components 
of this task (Pig. 5A). However, when retention of spatial memory 
was tested in a probe trial 24 h after the last training trial, only 
FYN/hAPP]^^^ mice were impaired, showing no preference for the 
target quadrant based on comparisons of the time they spent in 
each quadrant (Fig. SB) and of their swim paths (Fig. 5C). 
hAPPjj^gj^ mice have similar probe trial deficits, although many of 
these mice also show deficits in task acquisition (Palop et al,, 
2003). 
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Figure 7. Overexpresslof^ of Fyn does not affect amyloid depositiofj but elicits an astroglial 
injury response in FYN/hAPP|^ mktA, Ate-? months (mo) of age (top), immunostaining for 
A/3 revealed no amyloid deposits in hAPP|(,^^ and FfHM??^^^ mice. At 15-16 months (bot- 
tom), these mice had comparable levels of annyloid deposition- B, Quantitation of amyloid 
deposition in 1 5- to 16-month-old mke. f, Plaque foad did not correlate with caibindin levels i n 
1 5- to 1 6-month-old hAPP,^j^. or FYN/hAPPj^^, mice. D, Quantitation of GFAP immunoreaaivity 
in 6- to 7-month-old mice revealed increased astroglial GFAP expression indicative of reactive 
astrocytosis In FYN/hAPP^p^^mlce relative to NTG or singly TG mice [n ™ 8-12 per genotype), 
Age-matched hAPPhSgp, mice had similar increases in GFAP expression (n - 1 0 per genotype). 
**p < 0,01 versus NTG by ANOVA (D) or Student's ttest (£}. Scale bar, 250 /w.m. 

To determine whether Fyn and hAPP/AjB may interact also in 
brain regions other than the dentate gyrus, we examined the be- 
havior of the mice in the elevated plus maze, a paradigm that 
provides putative measures of emotionality and exploratory be- 
haviors that are mostly independent of the hippocampus 
(Dawson and Tricklebank, 1995; Wall and Messier, 2001), The 
coexpression of FYN and hAPPio^ also affected the performance 
of mice in the elevated plus maze. FYN/hAPPj^^. mice spent sig- 
nificantly more time in the open arms of the maxe and poked 
their noses over the edges of the open arms more often than 
hAPPi^,,, mice, FYN mice, and NTG controls (Fig. 6A,B). ¥YN/ 
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hAPPj^,^, mice showed no significant pref- ^ 

erence for the closed arms over the open 

anus of the maze, in contrast to the other Fyn 

three groups of mice (Fig. 6C). These be- pY416 

haviorai akerations of FYN/hAPP^^j^y mice 

are remarkably similar to those of ; 

hAFPfjigh mice in this test (Fig. 6D-F). 



Increased Fyn expression does not affect 
amyloid deposition 

We previously used ELISA to demonstrate 
that neither increasing nor ablating Fyn 

expression affects hippocampal Aj8 levels 
in 6- to 7-month-old mice (Chin et al.j 
2004). To determine whether the exacer- 
bation of hAPP/Aj3-induced neuronal and 
behavioral alterations by Fyn could stem 
from changes in the deposition of A/3, we 
compared Aj3 deposits (plaque load) in 
hAPP3„,,. and FYN/hAPPj^^, mice. At 6-8 
months, the age at which all other bio- 
chemical, immunohistochemical, and be- 
havioral experiments were performed, no 
plaques were detected in the hippocampus 
of these mice (Fig. 7 Ay top). By 15-16 
months of age, hAPPj^^ and FYN/hAPPj^^ 
mice had comparable hippocampal plaque loads (Fig. 7A,B) 
(p = 0.13; Mann™Whitney U test). No correlation was found 
between plaque load and calbindin levels in either hAPP|,,„ or 
FYN/hAPPjow mice (Fig. 7C) at this age. 

Increased astroglial injury response in FYN/hAPPjo^ mice 

Astroc)^cs upmodulate the expression of GFAP in response to a 
variety of neural injuries (Eddleston and Mucke, 1993; Eng et al, 
2000). Wc analyzed this sensitive indicator of neuronal distress at 
6-8 months of age. Hippocampal GFAP levels in hAPPi„^ and 
FYN mice were similar to those of NTG controls, whereas FYN/ 
liAPPjow mice had significantly higher levels of GFAP labeling 
(Fig. 7D). This increase in GFAP expression in FYN/hAPPi^^^ 
mice without plaques was similar in magnitude to that in age* 
matched hAPP^igh with plaques (Fig. 7£). 

Regulation of Fyn activity in hAPPj^jg;,, and FYN/hAPPi„^ mice 

To determine whether hAPP/Aj8 actually increases Fyn activity in 
vivo, we immunoprecipitated Fyn from dentate gyrus lysates of 
hAPP^jjgij mice and examined the levels of Tyr^^^ phosphoryla- 
tion with a phospho-specific antibody. Phosphorylation at this 
site activates Fyn and is indicative of kinase activit)^ (Nguyen et 
ah, 2002; Roskoski, 2004; Santuccione et al, 2005). In hAPP^igh 
mice with relatively preserved levels of calbindin (higher than the 
average of all hAPPi^j^j^ mice), levels of active Fyn were similar to 
those in NTG mice. In contrast, hAPPi^jgh niice with prominent 
depletions of calbindin (levels lower than the average of all hAP- 
P^i^ mice) exliibited decreased levels of active Fyn (Fig. 8A). 
Notably, our previous studies demonstrated that the extent of 
calbindin depletion in hAPP},igh mice correlates tightly with the 
severity of learnmg and memory deficits in the Morris water maze 
test(Palop et al.,2003). 

Next, we examined whether levels of active Fyn were also dif- 
ferent in FYN and FYN/hAPPi,,^, mice. Although levels of total 
Fyn were similar in these groups (Figs. ID, SB, bottom blot), 
levels of active Fyn were strikingly lower in FYN/hAPPj„^ mice 
than in FYN mice (Fig. 8B). 
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Figur« 8. Decreased levels of artlve Fyn in the dentate gyrus of hAPP^g^j and FYN/hAPPi^w mice. Total Fyn was immunopre- 
cipitated from isolated dentategyri of 2- to 3-month-old mice and analyzed by Western blot using antibodies that recognize active 
Fyn (pY416) or both active and inactive Fyn. A, Levels of active Fyn were decreased in hAPPhip(^ mice with depletions of calbindin 
in the dentate gyrus but not in hAPPf,jgj^micew«thrdatively normal levels of a ibindin [n - 4-9pergroup).^,SingiyTG FYN mice 
exhibited expected increases in active Fyn, biitthis Increase was attwiuated in FVN/hAPP,^ mice {n = 3-5 per genotype). *p < 
0.05, < 0.001 versus NTG by ANOVA. 



Concurrent increases in STEP and a7 nAChR in hAPP^j^ and 
FYN/hAPPi„^ mice 

What regulatory mechanisms might underlie the surprising 
downmodulation of Fyn in hAPPi^^^^ and FYN/hAPPi^,^ mice? To 
begin to address this question, we measured the 61 kDa form of 
STEP, which associates with and dephosphorylates Fyn at the 
regulatory Tyr'*^'' (Nguyen et al., 2002). STEP is present at 
postsynaptic densities of glutamatergic synapses and interacts 
with both src kinase family members and NMDA receptors, op- 
posing src-mediated upreguiation of NMDA receptors (Felkey et 
al, 2002). STEP levels were indeed significantly increased in the 
dentate gyrus of hAPPhigh mice relative to NTG controls (Fig. 
9A). Because AJ3 has recently been shown to activate STEP in 
cultured neurons via Qf7 nAChRs (Snyder et al, 2005), we mea- 
sured Of 7 nAChR levels in the dentate gyms of our mice. The a? 
nAChR. levels were approximately twice as high in hAPPy^j, mice 
as in NTG controls (Fig. 9B), indicating that AP engages this 
pathway also in vivo. 

Finally, we examined whether STEP and a? nAChRs were also 
increased in the dentate gyrus of FYNF/hAFPio^. mice. Compared 
with NTG and FYN mice, FTO/hAPPjo^ nii^^ h3<^ approximately 
twofold higher levels of STEP and fivefold higher levels of a? 
nAChRs (Fig. 9C~E). STEP levels were also increased in singly TG 
hAPP|j^^^, mice, although to lesser extent than in FYN/hAPP^„^ 
mice (Fig. 9QD). 

Discussion 

The current study demonstrates that increased neuronal expres- 
sion of Fyn can promote hAPP/Aj3-dependent neuronal and be- 
havioral deficits that may be relevant to the cognitive dechne in 
AD, Elevating neuronal expression of Fyn in hAPPj^,^. mice with 
relatively minorneuronal deficits created a striking phenocopy of 
the more severe deficits seen in hAPPhigh mice. 

In considering the different possibilities in which Fyn and Aj3 
might interact, it is not unreasonable to speculate that Fyn actu- 
ally mediates the detrimental effects of A/3. However, our mea- 
surements of Fyn activity surest that Fyn could also act as a 
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Figure 9. STEP and al nAChRs are elevated in the dentate gyrus of hAPP|,(^ and FYN/ 
hAPPiow mice-X, Levels of the 61 l(Da form of STEP in the dentate gyrus were higher in hAPPhigh 
mice than in NTG tontrols (n = 1 1-12 per genotype). 8, Levels of oi7 nAChRs In the dentate 
gyrus were also sfgniOcantly elevated m h APP^i^h mice (/i ™ 7 per genotype). C Representative 
Western blots E!lustrating STEP, ft 7 r^AChR, and calbindin levels ii the dentate gyrus of NTG, 
I^APPiow; FVN, and FYN/hAPPi^,^ mice. D, E, Quantitation of STEP (0) and al nAChR (£) [evels 
demonstrates twofold to fivefold increases in these proteins in FYN/hAPP,^^ mice relative to 
NTG controls {n = 8-12 per genotype). ***/3 < O.OOl versus NTG by Student's Hest {/I, ff); 
**p < 0.01, *'^p < 0.001 versus NTG by ANOVA; ''p< 0.01 by PLSD poit hoc test (D). 

separate copathogenic factor that converges onto similar or iden- 
tical downstream targets. Compared with NTG controls, 
liAPP^jgh FYN/hAPPi^,^^. mice had more severe neuronal and 
behavioral deficits than hAPP|^^. and FYN mice. Yet, Fyn activity 
was lower in hAPPi^i^i^ mice than in NTG controls and was also 
lower in FYN/hAPP]ow rE"^ice than in FYN mice. These findings 
suggest the involvement of complex regulatory mechanisms that 
may become engaged to protect neurons against s}Tiergistic 
effects of and Fyn. 

In line with this interpretation, we found significant increases 
in levels of STEP, a phosphatase that inactivates Fyn, in both 
hAPPhigh 2nd FYN/hAPP^^,^ mice. STEP opposes the phosphory- 
lation of src family kinase substrates such as Tyr of the NR2B 
subunit of NMDARs (Pclkey et al, 2002). Interestingly, hAPPi^jj,!, 
mice have significant decreases in levels of phospho-T)T''^''^ of 
NR2B (Palop et al., 2005), consistent with the increased STEP 
levels and suppressed Fyn activity we detected in these mice in the 
current study. AjS-induced activation of STEP also led to reduced 
phospho-Tyr ^"^'^ of NR2B in cultured neurons, resulting in en- 



docytosis of the receptor and reduced NMD AR- mediated signal- 
ing (Snyder et al., 2005). The study by Snyder et al. (2005) also 
demonstrated that AP can recruit STEP via a? iiAChR- 
dependent signaling. Our identification of abnormally high a7 
nAChR levels in both hAPPhigh and FYN/hAPP^^^ mice high- 
Hghts the potential functional relevance of this patliway m ^dvo. 
Indeed, increased levels of nAChRs and STEP in hAPPj^jgj^ and 
FYN/hAPPj^,^, mice were associated with depletions of synaptic 
activity- related proteins that are known to correlate tightly with 
deficits in learning and memory (Palop et al.> 2003> 2005). Unlike 
the majority of membrane-bound receptors, nAChR expression 
is increased after receptor stimulation (Fenster et al.> 1999), sup- 
porting the notion of increased signaling through a7 nAChRs in 
hAPPhigj^ and FYN/hAPPi^,^,, mice. AjS and Fyn activities may also 
converge on other cell-surface molecules^ including integrinsand 
NMDARs, and these possibilities deserve to be tested in future 
studies. 

Independent of the precise relationship between AjS and Fyn- 
related signaling pathways, the results presented here clearly 
demonstrate that increased neuronal Fyn expression can criti- 
cally exacerbate neuronal and behavioral impairments in the 
context of even relatively moderate increases in AJ3 production. 
The similarity of impairments in FYN/hAPPto^ and hAPPi^^gt/ 
mice was essentially complete with respect to molecular alter- 
ations and somewhat less complete with respect to behavioral 
deficits. In the water maze test, FYN/hA.PPi„„ mice were impaired 
only in retention of spatial memory assessed by the 24 h probe 
trial, which provides a sensitive measure of hippocampus - 
dependent function (Lipp and Wolfer, 1998; Wolfer et al, 1998), 
In contrast, hAPP^^igh mice were also impaired in task acquisition 
(Palop et al., 2003). Thus, Fyn signaling may play a more prom- 
inent role in hippocampus-dependent memory retention deficits 
than in acquisition deficits. The possibility of such dissociations is 
highlighted by our previous study (Chin et al, 2004), which dem- 
onstrated that hAPP/AP-dependcnt premature mortahty and 
loss of synaptophysin are modulated by Fyuj whereas aberrant 
axonal sprouting is not. 

Although singly TG FYN and hAPPj^^^, mice had no behavioral 
alterations, both groups showed some depletion of synaptic 
activity- dependent proteins in granule cells of the dentate gyrus. 
Although these depletions were less severe than those in hAPPhigh 
and FYN/hAPPj„,v mice, they demonstrate that increased neuro- 
nal expression of Fyn is sufficient to elicit molecular alterations 
similar to those induced by moderate levels of hAPP/A^. These 
findings also suggest that our molecular outcome measures may 
be more sensitive than the behavioral tests we used in this study. 

Because reductions in Fos, Arc, and ERKl/2 can contribute to 
deficits in learning and memory (Molinari et al.^ 1996; Atkins et 
al., 1998; Blum et al, 1999; Guzowski, 2002; He et al., 2002), it is 
possible that the neuronal network can compensate for the rela- 
tively subtle reduction of these factors in FYN and hAPPj^.^^ mice 
but is overcome by their more severe depletion in hAPPhigh 
FYN/liAPP)o,^. mice, resulting in behavioral decompensation. 
Consistent with this hypothesis, Arc induction was normal in 
FYN mice and in hAPPi„^ mice, suggesting that activity- 
regulated gene expression was normal. However, there was no 
induction of Arc in FYN/hAPPjow i^ice that explored a novel 
environment In fact, these mice had even fewer Arc- positive 
granule cells than home -caged FYN/hAPPi^,^ mice, suggesting a 
paradoxical response of these cells or of the network to which 
they belong. 

FYN/hAPPi„^,. mice also exhibited altered behavior in the ele- 
vated plus maze in a manner similar to liAPPhi^^i mice. This test is 
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used to measure emotional behaviors that are mostly indepen- 
dent of the hippocampus (Dawson and Tricklebank, 1995; Wall 
and Messier, 2001), Thus, the aherations observed in FYN/ 
hAPPj^^. mice in this test suggest that activities of Fyn and 
hAPP/AjS may interact also in brain regions other than the den- 
tate gyrus. In addition, they suggest that tliis interaction can con- 
tribute not only to memory deficits, but also to alterations in 
emotional bcha\dor, which afflict both hAPP mice and AD pa- 
tients (Terry et aL, 1991; Cummin gs and Kaufer, 1996; Lee et al,, 

2004) . 

Although increased production of Aj^ may be sufficient to 
cause early-onset autosomal- dominant AD (Tanzi and Bertram, 

2005) , the much more frequent cases of late-onset "sporadic" AD 
are hkely caused by the combination of different genetic and 
environmental risk factors (Mayeux, 2003; Kamboh, 2004; Tanzi 
and Bertram, 2005). It will be interesting to determine whether 
some of these risk factors elevate Fyn activity, because our find- 
ings suggest that this process could synergize with Aj3 to induce 
neuronal dysfunction. Indeed, increases in neuronal Fyn expres- 
sion triggered tiAPP/AjS-dependent behavioral deficits and wors- 
ened the depletion of multiple factors involved in synaptic 
plasticity. 

It is noteworthy in this context that 6- to 8 -month -old FYN/ 
hAPPjo^,. mice had not yet formed amyloid plaques but in most 
molecular and behavioral measures were as severely impaired as 
plaque-bearing hAPPj^igj^ mice of the same age. This finding ex- 
tends to the molecular level the hypothesis that Aj8-induced be- 
havioral deficits in hAPP mice are primarily plaque independent 
(Holcomb et aL, 1999; Hsia et al, 1999; Westerman et aL, 2002; 
Palop et aL, 2003). Indeed, our results are most consistent with 
the hypothesis that Fyn promotes the pathogenic effects of small 
nonfibrillar A^ assemblies (Lambert et al., 1998), although inter- 
actions with alternative hAPP metabolites have not yet been ex- 
cluded. Studies are needed to determine whether therapeutic ma- 
nipulations of Fyn or related pathways could protect the aging 
brain against pathogenic A/3 assembhes and AD-reiated neuro- 
logical decline. 
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